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Zusammenfassung 

 

Sauerstoff ist lebensnotwendig für eukaryotische Zellen. Für die Evolution höherer Lebewesen wie 

Menschen, Tiere und Pflanzen war und ist es notwendig Sauerstoff zu erkennen, zu verarbeiten und um sich 

an Perioden des Sauerstoffmangels (genannt Hypoxie) anzupassen, daher haben unsere Zellen komplexe 

zelluläre und molekulare Mechanismen entwickelten die bis heute diese Funktion erfüllen.   

 

Hypoxie auf zellulärer Ebene kann physiologisch vorkommen, zum Beispiel bei der embryonalen 

Entwicklung oder beim Gewebewachstum, oder auch in pathologischen Situationen vom Schlaganfall über 

Herzerkrankungen bis hin zum Krebs. Speziell solide Tumore zeichnen sich durch eine schlechte 

Gefäßbildung und Versorgung aus, was die Sauerstoffzufuhr erschwert und zur Tumor-internen Hypoxie 

führt. Krebszellen die der Hypoxie ausgesetzt werden und überleben, oder sogar besser wachsen unter 

Hypoxie, sind von wissenschaftlicher Bedeutung in der Onkologie, da sie weittragende Rollen spielen im 

Krebswachstum und der Metastasenbildung, der Vermeidung des Immunsystems und der Resistenz zur 

Krebsbehandlung. 

 

Die wichtigsten und meist studierten Proteine involviert in Sauerstofferkennung und Signalweiterleitung 

gehören zur Familie der hypoxia-inducible factors (HIFs) sowie deren biochemische Regulatoren. HIF 

Proteine sind Transkriptions-Aktivatoren welche akkumulieren sobald der zelluläre Sauerstoffgehalt sinkt. 

Die Anreicherung der HIF Proteine im Zellkern führt zur deren Bindung an DNA in spezifischen Regionen von 

tausenden von Genen und der damit verbundenen Expressionsregulierung derselben Gene. Die somit 

koordinierte Regulation dieser Gene ermöglicht es der Zelle, dem Sauerstoffmangel temporär 

gegenzuwirken, z.B. durch Anpassung des Metabolismus und Zellwachstums oder der Blutgefäßbildung. 

  

Zusätzlich zu der HIF-abhängigen starken Transkriptionsaktivierung wurde auch vorgeschlagen, das HIF 

Proteine in anderen post-transkriptionellen Prozessen eine wichtige Rolle spielen könnten, unter anderem 

im alternativen Spleißen von RNA Transkripten. Das erst vor kurzem entdeckte und bestätigte Hypoxie-

abhängige alternative Spleißen erhöht die Komplexität in die Hypoxie-Forschung und ist bisher kaum 

untersucht. Alternatives Spleißen ist ein prominentes Phänomen in vielen Krebszellen und der Einfluss auf 

Krebswachstum, Krebsentwicklung und Resistenz zu Therapie ist bisher kaum verstanden. 

 

Diese Arbeit untersucht den Einflusses von HIF-Proteinen auf alternatives Spleißen in Bauchspeicheldrüsen 

Krebszellen welche der Hypoxie ausgesetzt wurden mit und ohne funktionell aktiven HIF-Proteinen. HIF 
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Aktivität wurde unterbunden durch die Regulation von aryl-receptor-nuclear-translocator (ARNT), ein 

Bindungspartner von HIF und essentiell für die Implementierung der Hypoxie spezifischen Transkription. 

 

Diese Arbeit beschreibt damit die Entdeckung und Validierung von Hypoxie-induzierten alternativ-

gespleißten RNA Transkripten in menschlichen Bauchspeicheldrüsen Krebszellen sowie in mehreren 

Krebszell-Organoiden von Bauchspeicheldrüsenkrebs Patienten. Wir untersuchen einige dieser neuen 

Hypoxie-abhängigen RNA Transkripte auf biologische Funktionen und wir berichten die Entdeckung einer 

Hypoxie-abhängigen langen Isoform des UDP-N-acetylglucoseamine transporters SLC35A3 mit potenziellem 

Einfluss auf zellulären Metabolismus. 
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Abstract 

 

Oxygen is essential for eukaryotic life. Over millions of years, it was necessary for organisms to evolve and 

integrate elaborate oxygen sensing and adaptation systems into cellular pathways to ensure cellular survival 

during periods of oxygen deprivation (hypoxia). 

Cellular hypoxia occurs both physiologically, e.g. during embryonic development and tissue growth, as well 

as in various disease contexts ranging from stroke or heart failure to cancer biology. Especially solid tumors 

are often poorly vascularized and thus harbor cancer cells experiencing intra-tumor hypoxia. These hypoxic 

cancer cells are of high interest in oncology research with respect to their roles in tumor survival, immune 

system evasion, metastasis and resistance to therapy. 

 

The most important and well-studied proteins involved in oxygen sensing and signaling include hypoxia-

inducible factors (HIFs) and their biochemical regulators. HIF proteins are a class of transcriptional activators 

which, under hypoxic conditions, accumulate in the nucleus and bind to hypoxia-responsive elements in 

DNA to regulate gene expression of thousands of genes involved in varied cellular pathways, including 

angiogenesis, proliferation, metabolism, apoptosis and DNA repair. 

 

Although many transcriptional targets of hypoxia-inducible factors (HIFs) have been quite well 

characterized, hypoxia is also reported to impact on multiple post-transcriptional processes, including 

alternative splicing of RNA. Recently discovered hypoxia-dependent alternative splicing events are thought 

to introduce an additional layer of complexity to hypoxia biology but their overall contribution to cancer 

development, survival and resistance to therapy remain poorly understood. 

 

In this study, we set out to identify HIF dependent alternative splicing events after whole transcriptome 

sequencing in pancreatic cancer cells exposed to hypoxia with and without downregulation of the aryl 

hydrocarbon receptor -nuclear-translocator (ARNT), a protein required for HIFs to form a transcriptionally 

active dimer. We discover and validate a set of hypoxia-dependent alternative splicing events in detail in 

human pancreatic cancer cells as well as patient-derived human pancreatic cancer organoids. We 

investigate potential biological functions in these novel, hypoxia-dependent RNA transcripts. Finally, we 

report the discovery of a hypoxia-dependent long isoform of the UDP-N-acetylglucosamine transporter 

SLC35A3 with potential impact on cellular metabolism.  
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Introduction 

 

Oxygen and metazoan life overview 

 

Oxygen is the third most common element in the Milky Way Galaxy. It makes up 30.1% of the earth’s mass 

and 20.95 % volume of the earth’s atmosphere today, as well as 61% of the human body. As a reactive 

element, oxygen forms bonds with itself (O2) or is prominent part in many life-sustaining compounds.  

 

To regulate oxygen levels in cells, tissues and organs, humans have evolved elaborate respiratory, 

circulatory and neuroendocrine systems working together to ensure O2 homeostasis. Balancing molecular 

oxygen with cellular metabolism is a critical process all metazoan cells depend upon for survival (W. G. 

Kaelin, Jr. & Ratcliffe, 2008; Samanta, Prabhakar, & Semenza, 2017).  

On this cellular level, a continuous oxygen supply is required by organisms to efficiently produce energy 

while metabolizing glucose and fatty acids.  

To summarize roughly, cells need oxygen to produce energy in the form of adenosine-triphosphate (ATP), 

a potent metabolite. Efficient ATP production is accomplished by coupling electron transfer reactions 

between electron donors and acceptors to maintain a proton-gradient in the mitochondria (Bonora et al., 

2012; Nagrath, Caneba, Karedath, & Bellance, 2011; Taugner & Wunderlich, 1981). This proton gradient 

provides the necessary motion to drive ATP synthase, a multi-enzyme complex, to perform its catalytic 

function in assembling the highly strained ATP molecule (Lenaz et al., 2010).  

This is an asymmetric process where oxygen is constantly needed as terminal electron acceptor of the 

respiratory chain. Thus, as a matter of chemistry, the oxygen we inhale during respiration functions as 

periodically replenished reducing agent which maintains the proton gradient driving ATP synthesis (Lenaz 

et al., 2010; Lenaz & Genova, 2010).  

 

Breaking oxygen homeostasis has several physical effects within cells. In addition to insufficient energy 

production, fluctuating or reduced O2 availability causes the generation of reactive oxygen species (ROS) 

(Chandel et al., 2000; Verschoor, Wilson, & Singh, 2010), which result in random oxidations of lipids, 

proteins and nucleic acids, thus leading to mitochondrial damage ultimately cell death.  
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Among these chemical complexities and the constant and critical need to maintain oxygen balance, 

metazoan cells had to evolve elaborate oxygen sensing and adaptation processes to maintain the functions 

of organs and ultimately ensure the survival of the organism. 

 

 

Oxygen sensing, hypoxia and regulation of hypoxia-inducible factors 

 

Oxygen sensing fundamentally happens on the level of proteins. First discovered in 1992 in response to 

hypoxic induction of the EPO gene encoding erythropoietin, the hypoxia-inducible factor 1 (HIF1) protein 

was shown to be regulated by O2 levels. (Semenza & Wang, 1992) The HIF-1 protein is a heterodimeric 

complex built up from HIF-1α and HIF-1β subunits whereby HIF-1α harbors an O2 –dependent oxygen 

degradation domain. (G. L. Wang, Jiang, Rue, & Semenza, 1995; G. L. Wang & Semenza, 1995)  

During hypoxia, HIF-1α accumulates and heterodimerizes with constitutively expressed HIF-1β to form the 

HIF1 transcriptional activator complex, which translocates to the nucleus to bind cis-acting hypoxia-

responsive elements in 3’ region of HIF target genes (Elvidge et al., 2006; Semenza et al., 1996; Wenger, 

Stiehl, & Camenisch, 2005) and trans-acting transcriptional co-activators such as CBP and p300 (Arany et 

al., 1996; Freedman et al., 2002).   

  

This hypoxia-induced and HIF1 mediated transcriptional activation targets hundreds of genes involved in 

development (Semenza et al., 1999), angiogenesis (Acker & Plate, 2003; Neufeld, Cohen, Gengrinovitch, & 

Poltorak, 1999), erythropoiesis (Semenza, Nejfelt, Chi, & Antonarakis, 1991), glucose and energy 

metabolism (Dang & Semenza, 1999; Seagroves et al., 2001; Wenger, 2002) and cell proliferation/survival 

(Feldser et al., 1999; Krishnamachary et al., 2003; Wykoff et al., 2000). This powerful transcriptional 

program thus needs to be tightly controlled by the cell. In addition to oxygen-sensitive HIF-1α, two 

additional family proteins (HIF-2α and HIF-3α) have been identified (Schofield & Ratcliffe, 2004). HIF-1α and 

HIF-2α are closely related structurally and functionally, both activate HRE-dependent gene transcription 

(Wenger, 2002), yet they play non-redundant roles in part caused tissue specific isoform differences 

(Rosenberger et al., 2002; Wiesener et al., 2003). Additionally, differences in transcriptional targets have 

been reported (Hu et al., 2006; Ratcliffe, 2007), albeit our understanding remains incomplete. Roughly, it 

has been shown that global coordination of glycolytic enzyme expression is mainly driven by HIF-1α (Hu, 

Wang, Chodosh, Keith, & Simon, 2003), whereas HIF-2α was found to have specialized roles in kidney, liver 

and stem cells, promoting red blood cell production and growth (Kapitsinou et al., 2010; Rosenberger, 
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Rosen, & Heyman, 2005). Finally, HIF-3α is the least understood hypoxia-inducible factor, being subjected 

to alternative splicing, alternative transcription initiation and various promotors; thus acting either as 

dominant negative regulator of HIF-1α/HIF-2α or as transcriptional activator in its own right (Duan, 2016; 

Maynard et al., 2005). 

 

Oxygen-regulated lability was first described for HIF-1α, yet mechanistically it is analogous between HIF-1α 

and HIF-2α. Briefly, HIF-1α is rapidly degraded upon re-oxygenation (Jewell et al., 2001). This HIF-1α 

degradation is mediated by chemical modification of two proline residues (P402 and P564 in human) by 

prolyl-hydroxylase domain proteins (PHDs) 1-3 (Appelhoff et al., 2004). Prolyl hydroxylases require O2 and 

α-ketoglutarate as substrates for addition of an oxygen atom onto the target proline residue (coupled 

process; second oxygen atom is used to produce CO2 and succinate from α-ketoglutarate) (Chowdhury, 

Hardy, & Schofield, 2008; W. G. Kaelin, Jr. & Ratcliffe, 2008). 

Hydroxylation of HIF-1α marks the protein for proteasomal degradation by binding of the von Hippel-Lindau 

(VHL) tumor suppressor protein, an Elongin C interactor which recruits an E3 ubiquitin-protein ligase that 

ubiquitinates HIF-1α (W. G. Kaelin, 2007; Ohh et al., 2000). The intricate interplay of these molecular 

processes result in exquisite post-translational regulation HIF-1α protein abundance according to cellular 

oxygen levels. 

Additionally regulation of HIF-1α mRNA expression via growth factors (Laughner, Taghavi, Chiles, Mahon, & 

Semenza, 2001) or NF-kB (Gorlach & Bonello, 2008) and transcriptional activation of the SWI/SNF (Kenneth, 

Mudie, van Uden, & Rocha, 2009) has also been reported, as well as post-transcriptional regulation by miR-

199a (Rane et al., 2009). Furthermore, HIF-1α can also be negatively regulated by acetylation in its 

transactivation domain by the factor-inhibiting-HIF 1 protein (FIH-1), which interferes with recruitment of 

transcriptional coactivators (Lancaster, McDonough, & Schofield, 2004; Lando et al., 2002). 

In summary, these multi-faceted regulatory processes are necessary to ensure that the extensive hypoxia-

inducible transcription program is tightly controlled and only utilized according to cellular and 

environmental states.  
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Oxygen sensing, gene expression and adaptive responses to hypoxia. A. Under normoxic conditions, HIF-1α is targeted by prolyl-

hydroxylase 2 (PHD2) chemically modifies a proline residue (Pro-OH). The von-Hippel-Lindau (VHL) protein recognizes HIF-1α 

containing Pro-OH and recruits an ubiquitin E3 ligase, which marks HIF-1α for proteasome degradation. Additionally, factor-

inhibiting HIF-1 (FIH-1) uses available oxygen to hydroxylate an asparagine residue (Asn-OH) in the C-terminal transactivation 

domain of HIF-1α, inhibiting binding of the transcriptional coactivator p300. B. Under hypoxic conditions, proline and asparagine 

hydroxylation events are inhibited and HIF-1α rapidly accumulates, dimerizes with HIF-1β, recruits p300, binds hypoxia-responsive 

cis-elements (HREs) and activates the transcription of hundreds of target genes by RNA polymerase II. Target genes include 

Erythropoietin (EPO) for red blood cell production, vascular endothelial growth factor (VEGF) for angiogenic blood vessel formation 

and pyruvate dehydrogenase kinase (PDK1), which inhibits the conversion of pyruvate to acetyl-CoA for TCA cycle usage. 

Reproduced with permission from NEJM and (Semenza, 2011), Copyright Massachusetts Medical Society. 

 

Finally, it can be concluded that oxygen-dependent HIF-1α/ HIF-2α abundance control, expression, 

localization and activity are the primal molecular mechanisms which allow cells to sense oxygen deficiency 

and implement adaptive changes in gene transcription.  

 

HIF-mediated cellular responses to hypoxia 

 

- Normal development 

 

Physiological hypoxia (<2% O2) is experienced by cells during normal development and organogenesis (Y. 

M. Lee et al., 2001; Webster & Abela, 2007). It was discovered that functional copies of HIF-1α, HIF-2α and 

HIF-1β are absolutely essential for implementing normal embryonic development in mice. Correspondingly, 

HIF-1α null alleles, the homozygotic deletion of HIF-1α at its genetic locus, result in embryonic development 

arrest at day 8.5, followed by embryonic lethality at day 10.5 because of cardiac malformation, reduced 

erythropoiesis and vascular regression (Iyer et al., 1998; Ryan, Lo, & Johnson, 1998; Yoon et al., 2006). HIF-



12 
 

2α homozygous deletion causes perinatal or postnatal lethality in mice due to progressive multiorgan failure 

and impaired erythropoiesis (Scortegagna, Ding, et al., 2003; Scortegagna, Morris, Oktay, Bennett, & Garcia, 

2003). Finally, homozygous deletion of HIF1β at the Arnt locus results in defective vascularization and 

embryonic lethality at midgestation. (Maltepe, Schmidt, Baunoch, Bradfield, & Simon, 1997). For further 

reading, Dunwoodie (Dunwoodie, 2009) provides a comprehensive review about how low oxygen and HIF 

affect gene expression, cell behavior and morphogenesis of the embryo and placenta throughout 

development. 

 

- Angiogenesis 

 

Pathologically or physiologically hypoxic cells implement angiogenesis programs to stimulate endothelial 

cell proliferation and vascularization by induction of a variety of pro-angiogenic genes (Bunn & Poyton, 

1996; Neufeld et al., 1999; Semenza, 2003). Most prominently, hypoxic cells secrete vascular endothelial 

growth factor (VEGF), a mitogen which recruits endothelial cells into hypoxic or avascular areas by 

stimulating their proliferation (Neufeld et al., 1999). VEGF mRNA expression is HIF-1α dependent and its 

induction leads to hyper-vascularization (increase in vascular density) of the hypoxic tissue, thus reducing 

oxygen diffusion distance. Additionally, HIF-1α promotes local blood flow by modulation of the vascular 

tone through production of NO (through nitric oxide synthase), CO (heme oxygenase), endothelin 1 and 

adrenomedullin, all HIF-1α target genes (Palmer, Semenza, Stoler, & Johns, 1998) (P. J. Lee et al., 1997). 

Finally, hypoxia and HIF-1α are also reported to regulate vessel maturation (Nguyen & Claycomb, 1999; 

Stoeltzing et al., 2004). 

In summary, HIF-1α has a profound impact on angiogenesis by regulating the expression of critical genes 

involved in stimulating growth, vascularization and maturation of blood vessels. 

 

- Erythropoiesis 

 

Red blood cell count has been associated with atmospheric oxygen pressure levels for over a century. 

(Rudolph, 1993) Human erythropoietin (EPO) production is mainly stimulated by hypoxia and produced by 

the kidney (in adult) and the liver (during embryonic development) (Koury, Bondurant, Koury, & Semenza, 

1991).  

In these tissues, HIF-2α, but not HIF-1α, is critically important to mediate hypoxia-inducible EPO synthesis 

(Kapitsinou et al., 2010; Morita et al., 2003). In contrast to ubiquitous HIF-1α, HIF-2α expression is more 
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restricted, mostly found in hepatocytes, renal, glial and endothelial cells (Rosenberger et al., 2005), 

underscoring its specialized role in EPO production. 

In addition to canonical abundance regulation of HIF-2α by hydroxylation from PHD enzymes, post-

transcriptional and post-translational modifications of HIF2 mRNA and HIF-2α protein have also been 

reported to affect EPO production. For example, hypoxia-dependent de-acetylation by sirtuin 1 has been 

shown to increase HIF-2α EPO synthesis in response to cellular redox state (Dioum et al., 2009). 

Furthermore, low intracellular iron levels diminish HIF-2α translation by binding to iron-regulatory elements 

(IRE) in the 5’ untranslated region (UTR) of HIF-2α mRNA and thus impact on EPO production. Finally, several 

somatic mutations in HIF-2α, PHD2 or VHL have been identified in patients with idiopathic erythrocytosis 

(F. S. Lee & Percy, 2011). 

Taken together, HIF-2α acts as the main molecular regulator of EPO production and contribute thus majorly 

to oxygen-dependent adaptations in red blood cell number. 

 

- Glycolysis and mitochondrial metabolism 

 

Under hypoxic conditions, cells reprogram their metabolism to switch to oxygen-independent pathways for 

energy production. Thus, they increase glycolysis to produce ATP and lactate, while shutting down pyruvate-

supply to the mitochondria for the TCA cycle (J. W. Kim, Tchernyshyov, Semenza, & Dang, 2006). Glycolysis 

is less effective, only generating 2 ATP molecules per glucose molecule, whereas oxidative phosphorylation 

yields a total of 38 (2+36) ATP molecules per glucose molecules (Dang & Semenza, 1999; Seagroves et al., 

2001).  

HIF-1α is a main regulator for the expression of glycolytic genes(Wenger, 2000), regulating many enzymes 

of the glycolytic pathway as well as increasing expression of GLUT1 and GLUT3, transporters which regulate 

cellular glucose uptake (C. Chen, Pore, Behrooz, Ismail-Beigi, & Maity, 2001). Both 6-phosphofructo-1-

kinase (PFK1), the key regulator of glycolytic flux which is allosterically controlled by feedback inhibition, 

and its regulators, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase family (PFKFB1-4) proteins, are 

upregulated by HIF-1α (Minchenko, Opentanova, & Caro, 2003; Minchenko, Opentanova, Minchenko, 

Ogura, & Esumi, 2004). Furthermore, HIF-1α activates the expression of pyruvate dehydrogenase kinase 1 

(PDK1), preventing pyruvate conversion to acetyl-CoA for use in the TCA cycle, and lactate-dehydrogenase 

A (LDHA), increasing pyruvate conversion to lactate. Both enzymes tip the balance of ATP production from 

oxidative phosphorylation towards glycolysis (J. W. Kim et al., 2006; Papandreou, Cairns, Fontana, Lim, & 

Denko, 2006).  
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Interestingly, this metabolic shift is highly dependent upon HIF-1α, since HIF-1α-/- cells are incapable of 

switching to glycolysis even when exposed to 1% oxygen. Since ATP levels in HIF-1α-/- cells at 1% oxygen 

then HIF-1α+/+ cells at normoxia, oxygen levels do not constrain ATP production (H. Zhang et al., 2008). 

However, HIF-1α depleted cells under hypoxia will die owing to toxic levels of reactive oxygen species (ROS) 

(H. Zhang et al., 2008).  

Accordingly, HIF-1α has been implicated to regulate mitochondrial ROS production via switching the COX4-

1 regulatory subunit of cytochrome c oxidase (complex IV of the electron transport chain (ETC)) expressed 

under aerobic conditions towards a more optimized COX4-2 under hypoxia (Fukuda et al., 2007). 

Furthermore, BNIP3 and BNIP3L, both HIF-1α target genes, have been shown to contribute to hypoxia-

induced mitochondrial autophagy (Bellot et al., 2009). Finally, the HIF-1α inducible microRNA miR-210 has 

been reported to block both respiration and mitochondrial ETC activity (Chan et al., 2009), adding another 

mechanistic layer of mitochondrial control to HIF-1α. 

Collectively, it can be concluded that HIF-1α is a critical component in adapting mitochondrial metabolism 

to preserve energy and redox homeostasis despite changes in O2 availability, while at the same time 

increasing glycolytic pathway utilization and lactate production. 

 

- Modulation of cell proliferation, apoptosis and the cell cycle 

 

In general, oxygen availability is one of the most important physiological cues for cell proliferation through 

HIF-dependent and HIF-independent mechanisms. Under physiological conditions, lack of oxygen can either 

result in cell cycle arrest or induction of proliferation, depending on the cell-type and tissue context (Hubbi 

& Semenza, 2015).  

It has been shown that hypoxia is an important feature of the stem cell microenvironment (Pajonk & Vlashi, 

2013) of e.g. hematopoietic stem cells (HSCs) (Spencer et al., 2014) as well as neural stem cells (NSCs) (H. 

L. Chen et al., 2007; Pistollato, Chen, Schwartz, Basso, & Panchision, 2007), yet with opposing roles. In HSCs, 

hypoxia promotes quiescence via HIF-1α mediated regulation of cell cycle progression (Eliasson & Jonsson, 

2010; Eliasson et al., 2010), whereas in NSCs it was reported that hypoxia increases proliferation and 

differentiation (Santilli et al., 2010; Studer et al., 2000).  

Among the many complex events regulating the cell cycle, cyclin-dependent kinase family (CDK) activity is 

of critical importance for coordination of fluctuating cyclin-levels through the cell cycle phases (Malumbres, 

2014; Malumbres & Barbacid, 2009). CDK activity is regulated through expression levels of the p21 and p27 

CDK inhibitors (Harper, Adami, Wei, Keyomarsi, & Elledge, 1993; P. Zhang, Wong, DePinho, Harper, & 
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Elledge, 1998), which directly bind to and inhibit CDKs in response to growth-arresting stimuli like DNA 

damage or hypoxic stress (Goda et al., 2003). In many cellular contexts, HIF-1α overexpression alone is 

sufficient to cause cell cycle arrest (Goda et al., 2003; Hackenbeck et al., 2009; Hubbi et al., 2013), although 

the high dependency on cellular origin and tissue context obstruct generalizable mechanistic principles. 

Thus, it has been reported that HIF-1α acts in antagonism to Myc, a repressor of p21 and inducer of 

proliferation (Koshiji et al., 2004), while other studies identified HIF-1α-dependent induction of p21 and p27 

in lymphocytes (Goda et al., 2003), fibroblasts (Gardner et al., 2001) and cancer cells (Gordan & Simon, 

2007). Furthermore, HIF-1α has been shown to interact with components of the pre-initiation complex that 

blocks DNA replication (Hubbi et al., 2013; Hubbi, Luo, Baek, & Semenza, 2011).  

Finally, when cells are exposed to chronic and harsh hypoxia, the generally protective adaptive mechanism 

induced by HIF-1α transcription programs are not sufficient to prevent apoptosis and HIF-1α might even 

induce apoptosis by stabilizing p53 (D. Chen, Li, Luo, & Gu, 2003) through direct binding (Hansson, Friedler, 

Freund, Rudiger, & Fersht, 2002) or inducing high levels of BNIP3, inhibiting antiapoptotic proteins Bcl-2 

and Bcl-xL (Kothari et al., 2003; Sermeus & Michiels, 2011; Sowter, Ratcliffe, Watson, Greenberg, & Harris, 

2001). 

In summary, hypoxia is a critical regulator of cell proliferation, cell death and the cell cycle and HIF proteins 

are functionally involved in regulating the diverse outcomes depending on the cell type and tissue. 

 

HIF-independent responses to hypoxia 

 

Since respiratory O2 and thus ATP levels under hypoxic conditions are prohibitive, several cellular processes 

can also adapt to reduced oxygen availability in HIF-independent ways. For example, two major consumers 

of cellular ATP stores are mRNA translation to protein and the Na-K-ATPase ion exchangers.  

Multiple studies have demonstrated an inhibitory effect of hypoxia on mRNA translation (Arsham, Howell, 

& Simon, 2003; Koritzinsky et al., 2006; Koumenis et al., 2002), where the suppression of mammalian target 

of rapamycin (mTOR) complex 1 (mTORC1) and the phosphorylation of pancreatic eIF2α kinase (PERK) have 

been identified as key gatekeepers on global translation during hypoxia (Liu & Simon, 2004). Hypoxia 

induces reversible hypophosphorylation of mTORC1 effectors 4E-BP1 and S6K via the activation of 

adenosine-monophosphate kinase (AMPK) (Liu & Simon, 2004). Furthermore, hypoxia promotes the 

activation of stress-sensitive PERK (Bi et al., 2005) by mitochondrial ROS (Liu, Wise, Diehl, & Simon, 2008), 

which phosphorylates eIF2α, a critical inhibitor and master regulator of mRNA translation initiation 

(Schroder & Kaufman, 2005).  
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Potentially the biggest ATP consumer in mammalian cells is the Na-K-ATPase, which can account for 20-70% 

of oxygen expenditure under normoxic conditions (Milligan & McBride, 1985). Hypoxia reversibly 

suppresses Na-K-ATPase activity (Dada et al., 2003) by inducing endo- and exocytosis of this molecule from 

the plasma membrane, also partially mediated by AMPK (Dada et al., 2007; Gusarova et al., 2011). 

Additionally, it was reported that chronic hypoxia induces pVHL-mediated degradation of plasma-

membrane Na-K-ATPase in an HIF independent manner (G. Zhou et al., 2008). 

In conclusion, since oxygen availability is tightly linked to how much energy in the form of ATP can be 

produced, cells have to adapt by severely reducing energy-consuming processes.  

 

Hypoxia, HIF and cancer 

 

Although cancer is primarily a genetic disease initiated by driver mutations, many intensively proliferating 

and expanding tumor tissues become dependent on cellular pathways that deal with incomplete 

vascularization and thus diminished nutrient and oxygen supply (Eales, Hollinshead, & Tennant, 2016; Parks, 

Cormerais, & Pouyssegur, 2017; Schito & Semenza, 2016; Semenza & Ruvolo, 2016). While certain tumors 

have been identified which stabilize HIF through rare somatic or acquired mutations in VHL, especially clear 

cell renal cell carcinoma (ccRCC) and various hemangioblastomas (Gallou et al., 1999; Kanno et al., 1994; 

Whaley et al., 1994), most tumors face stages of intermediate hypoxia and have been reported to 

upregulate the HIF pathway (Talks et al., 2000).  

 

In general, cancer cells have been characterized by the fact that they employ several adaptive strategies to 

gain competitive advantages over normal cells (Hanahan & Weinberg, 2000, 2011). Among those strategies, 

metabolic adaptation, growth optimization, immune system evasion and survival in pathophysiologic 

microenvironments are actively implemented by utilizing HIF transcriptional programs (Brahimi-Horn & 

Pouyssegur, 2006; Catalano et al., 2013; Maxwell, Pugh, & Ratcliffe, 2001; Parks et al., 2017; Philip, Ito, 

Moreno-Sanchez, & Ralph, 2013; Silva & Al-Jamal, 2017).  
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Hypoxia in the Primary Tumor Promotes Metastasis. Hypoxia within the tumor microenvironment stabilizes the hypoxia-inducible 

factors (HIF-1 and HIF-2) in tumor and stromal cells leading to the activation of target gene programs that facilitate metastasis. 

Abbreviations: BMDC, bone marrow-derived cells; ECM, extracellular matrix; MDSC, myeloid-derived suppressor cells; MSC, 

mesenchymal stem cells. Reprinted from (Rankin, Nam, & Giaccia, 2016) with permission from Elsevier. License number: 

4279360325786.  

 

For example, under limited oxygen availability, cancer cells increase expression of GLUT1, LDHA and PDK1, 

increasing the flux through glycolysis while shunting pyruvate away from mitochondria to prevent ROS 

generation. Lactate production from pyruvate is a necessary step to ensure continued NAD+ supply for 

glycolysis and other anabolic pathways but it also decreases intracellular pH. Therefore, HIF-1α also 

increases expression of monocarboxylate transporter-4 (MCT-4), carbonic anhydrase 9 (CA9) and Na+-H+ 

exchanger 1 (NHE1) to regulate lactate and proton efflux (Chiche, Brahimi-Horn, & Pouyssegur, 2010) from 

oxygen-deprived cells. In turn, the secreted lactate can be imported by nonhypoxic cells in the 

microenvironment through MCT-1 and used as fuel for oxidative phosphorylation, establishing a metabolic 
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symbiosis between hypoxic and non-hypoxic cells within a tumor (Semenza, 2008; Sonveaux et al., 2008) 

and thereby increasing tumor robustness and proliferation. 

 

Another example increasing tumor fitness includes HIF-dependent expression of CD47 (H. Zhang et al., 

2015), a cell-surface protein that inhibits phagocytosis by macrophages, and PD-L1 (Noman et al., 2014), a 

ligand for the programmed death-1 (PD-1) checkpoint receptor, inhibiting T cell function. Additionally, 

tumor-derived and HIF-dependent VEGF inhibits the function of dendritic cells, stimulating them to also 

produce PD-L1 (Noman et al., 2015). Furthermore, HIF-1α mediated metabolic programming in cancer cells 

can also contribute to immune invasion by direct competition over glucose uptake with T cells (Chang et al., 

2015). Finally, HIF-1α is required in macrophages to suppress T cell function (Doedens et al., 2010), adding 

yet another possibility of how hypoxic cancer cells evade innate immunity through activation of HIF 

transcriptional programs. 

In similar fashion, tumor-associated HIF transcriptional output is reported to affect numerous signaling 

pathways involved in epithelial-mesenchymal transition (EMT), invasion and metastasis (Chou, Chuang, 

Salunke, Kulp, & Chen, 2015; Rankin & Giaccia, 2016; Rankin et al., 2016), as well as maintaining cancer 

stem cells via HIF-1 dependent expression of pluripotency factors KLF4, MYC, OCT4, SOX2, and NANOG 

(Mathieu et al., 2011; Peng & Liu, 2015).  

 

The ever-growing literature of these and many other adaptive mechanism (see reviews (Rankin & Giaccia, 

2016; Schito & Semenza, 2016; Semenza, 2013; Soni & Padwad, 2017; Yeo et al., 2017)) validate the 

scientific inquiry into hypoxia biology as well as highlight the importance of understanding deeply how 

cancer cells utilize the HIF pathway to gain competitive advantages in complex tumor environments. 

 

The splicing process and alternative splicing 

 

Eukaryotic mRNAs used by the ribosome as template for protein production are synthesized as a precursor 

mRNAs (pre-mRNAs) during transcription in the nucleus. There, pre-mRNAs are exposed to several 

processing steps before they can be exported to the cytoplasm and used as protein templates.  

Among these processing steps, mRNA splicing removes non-coding segments (introns) from discontinuous 

protein-coding sequences (exons) of pre-mRNA and thereby produces a much shorter but continuously 

coding full-length mRNA (Sharp, 2005). Furthermore, this splicing process is dynamic, allowing for 

somewhat flexible or alternative arrangements of exons from the same pre-mRNA, thus generating 
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complexity and protein diversity (E. Kim, Magen, & Ast, 2007). Especially for humans, alternative pre-mRNA 

splicing occurs in >95%-100% of genes, amounting to increased proteome diversity than e.g. mouse, who 

contain a similar number of genes of which only around 63% are alternatively spliced (Barbosa-Morais et 

al., 2012; Merkin, Russell, Chen, & Burge, 2012). Alternative splicing is regulated by a host of factors, 

including cis-acting sequence elements and trans-acting protein interactions (Y. Lee & Rio, 2015). To 

understand alternative splicing, one has to first appreciate the complexity and dynamic nature of the 

splicing process. 

 

Splicing is facilitated by a complex machinery consisting of several small nuclear ribonucleoproteins 

(snRNPs) and a host of protein-protein interactors collectively building the spliceosome (Wahl, Will, & 

Luhrmann, 2009). The U1, U2, U4/U6 and U5 snRNPs form the major spliceosome, which is responsible for 

removing the bulk of pre-mRNA introns. Additionally, many metazoans including humans also harbor a 

minor spliceosome, composed of distinct of functionally analogous U11/U12 and U4atac/U6atac snRNPs, 

targeting rare U12 introns and increasing regulatory complexity (Patel & Steitz, 2003; Turunen, Niemela, 

Verma, & Frilander, 2013), which will not be considered here.  
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The splicing process. A. Conserved cis-sequence elements of metazoan and yeast pre-mRNAs. The consensus sequences in 

metazoans and yeast at the 5′ splice site (SS), branch point sequence (BPS), and 3′ splice site (SS) are as indicated, where N is any 

nucleotide, R is a purine, and Y is a pyrimidine. The polypyrimidine tract is a pyrimidine-rich stretch located between the BPS and 

3′SS. B. Cross-intron assembly and disassembly cycle of the major spliceosome. The stepwise interaction of the spliceosomal snRNPs 

(colored circles), but not non-snRNP proteins, in the removal of an intron from a pre-mRNA containing two exons (blue) is depicted. 

Eight evolutionarily conserved DExD/H-type RNA-dependent ATPases/helicases act at specific steps of the splicing cycle to catalyze 
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RNA-RNA rearrangements and RNP remodeling events. These enzymes include Sub2 (UAP56 in humans), Prp5, Prp28, Brr2, Prp2, 

Prp16, Prp22, and Prp43 (with Brr2 and Prp22 acting at more than one step in the cycle). Several of these proteins, such as Prp5, 

Prp16, and Prp22, also carry out proofreading functions at the stages where they are shown.  

C. Cross-exon splicing complexes form on long introns during the earliest stage of spliceosome assembly. An SR protein containing 

an arginine-serine-rich (RS) domain and RRM (RNA recognition motif) is depicted as interacting with an exonic splicing enhancer 

(ESE). The U1 (blue) and U2 (green) spliceosomal snRNPs and the two subunits of the U2 auxilliary factor (U2AF), U2AF65 and 

U2AF35, are also shown interacting with the splice sites flanking the exon. Reprinted from (Wahl et al., 2009) with permission from 

Elsevier. License number: 4282360544740. 

 

The spliceosome is assembled sequentially on exon-intron boundaries of pre-mRNAs and facilitates 

cleavage and reassembly of mRNA strands in two ATP-dependent catalytic transesterification steps (for a 

more detailed mechanistic summary, see: (Wahl et al., 2009)).  

Briefly, initial recognition of binding sites and association with pre-mRNA is facilitated by members of the 

serine-arginine-rich (SR) protein family and U1 snRNP-associated proteins for the U1 subunit. For U2 subunit 

assembly at the branch point binding side (BPS), U2 auxiliary factors (U2AF) cooperatively interact with the 

branch point binding protein (BBP/SF1) through their RNA recognition motifs (RRM). U1 and U2 together 

form the spliceosomal early [E] complex. The [E] complex transitions to the [A] complex by U2 snRNP base-

pairing with the BPS, which is stabilized by U2-protein complexes SF3a and SF3b.  

After [A] complex formation, pre-assembled U4/U6 and U5 tri-snRNPs are recruited to the splice site, 

forming the catalytically still inactive [B] complex. Catalytic activation requires major conformational and 

compositional rearrangements and the subsequent release of U1 and U4 snRNPs, giving rise to activated 

[B*] complex performing the first transesterification step. The resulting [C] complex again undergoes 

substantial rearrangements before performing the final transesterification step, releasing the bound mRNA 

and recycling the snRNPs. The resulting spliced mRNA is still covered with splicing-associated proteins which 

facilitates further mRNA processing and nuclear export. 
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Patterns of alternative splicing. Red boxes represent alternatively spliced exons, colored boxes represent other possible alternative 

exons and grey boxes represent constitutive exons. Reprinted from (Xing & Lee, 2006) with permission from Nature Publishing 

Group. License number: 4282411507058. 

 

Arguably the most important regulatory step for determining alternative mRNA outcomes from identical 

pre-mRNAs is splice site recognition and selection by U1 and U2.  

Splice site recognition is facilitated by a host of RNA binding proteins (globally named splicing factors) 

binding to cis-acting regulatory sequences in the introns and adjacent exons of splice sites with either 

positive (splicing enhancer) or negative (splicing silencer) impact on spliceosome assembly (Blencowe, 2017; 

M. Chen & Manley, 2009; Licatalosi & Darnell, 2010). The high diversity and degeneration of metazoan 

splice site sequences as well as redundant expression and abundance of hundreds of interacting splicing 

factors make functional splicing predictions inaccurate at best (Blencowe, 2017; Tapial et al., 2017). 

Furthermore, it has been reported that chromatin modifications (H. L. Zhou, Luo, Wise, & Lou, 2014), small 

RNA pathway components(Meister, 2013) and RNA polymerase II speed (Dujardin et al., 2014), all 

contribute to alternative splicing.  

 

It can be concluded that the multi-factor regulated, dynamic nature of the core splicing process can give 

rise to different splicing outcomes i.e. alternative splicing, which promotes mRNA and ultimately proteome 

diversity according to cell type, developmental stage or pathophysiological condition.  

 

Hypoxia, alternative splicing and cancer 

 

Defective or aberrant alternative splicing is a common feature in cancer and pathologically altered 

alternatively spliced genes are involved in almost every aspect of cancer biology, including proliferation, 
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differentiation, cell cycle control, apoptosis, motility, invasion, angiogenesis and metabolism (Chabot & 

Shkreta, 2016; He, Zhou, Zuo, Cheng, & Zhou, 2009; Shkreta et al., 2013; J. Zhang & Manley, 2013). 

Disrupting the tissue-specific splicing pattern in disease can happen on several fronts and at different stages 

of the splicing process.  

For example, pathologic mutations to the genetic code, which impact on pre-mRNA processing by 

destroying or weakening splice sites or even activating cryptic splice sites (J. Wang, Zhang, Li, Zhao, & Cui, 

2012), produce mRNAs that encode defective proteins or co-transcriptional degradation of nascent 

transcripts by nonsense-mediated RNA decay (NMD) pathway (Davidson, Kerr, & West, 2012).  Additionally, 

cancer cells have been reported to alter the abundance and activity of splicing regulator proteins, including 

hnRNP- and SR- protein families (Long & Caceres, 2009), which frequently produces alternative splicing 

outcomes in a host of proteins involved in cell cycle control, apoptosis, cell motility or metabolism (Shilo, 

Siegfried, & Karni, 2015; J. Zhang & Manley, 2013). Finally, mutations perturbing the core splicing factors 

SRSF2 (E. Kim et al., 2015), U2AF1 (Ilagan et al., 2015), U2AF2 (Boultwood, Dolatshad, Varanasi, Yip, & 

Pellagatti, 2014) and SF3B1 (Alsafadi et al., 2016) have been found highly enriched in myelodysplastic 

syndrome (MDS), acute myeloid leukemia (AML) and chronic lymphocytic leukemia (CLL) and recurrent in 

other tissues. A more comprehensive review on the extensive literature can be found: (Chabot & Shkreta, 

2016; Oltean & Bates, 2014; J. Zhang & Manley, 2013). 

 

Hypoxia has been described previously to affect alternative splicing of HIF and non-HIF target genes (Sena, 

Wang, Heasley, & Hu, 2014; Weigand, Boeckel, Gellert, & Dimmeler, 2012), and that HIF activity but not 

hypoxia per se is necessary and sufficient to regulate RNA splicing of hypoxia inducible genes (Sena et al., 

2014). However, only few reports have comprehensively described hypoxia-induced alternative splicing in 

cancer; most recently in breast cancer (Han et al., 2017) and head and neck cancer squamous carcinoma 

(HNSC) cells (Brady et al., 2017). Curiously, in contrast to the wealth of genomic data, landscape studies to 

investigate alternative splicing in pancreatic ductal adenocarcinoma on a whole genome scale are scarce, 

with only one study reporting extensive changes in alternative splicing between PDAC and normal pancreas 

(J. Wang et al., 2017) and without considering hypoxia. 

 

Given the prevalence of both aberrant alternative splicing as well as hypoxia-induced gene programs in 

pancreatic cancer, we hypothesized that cancer hypoxia might be a key driver of alternative splicing in this 

pathologic setting.  
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Therefore, we set out to uncover the role of HIFs in hypoxia-induced alternative splicing events in the 

context of pancreatic ductal adenocarcinoma cells. 

 

Aim of the thesis 

 

Investigate hypoxia-dependent alternative splicing pathways and how they might contribute to pancreatic 

cancer development, progression and resistance to therapy 
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Results 

 

HIF proteins are crucial to implement hypoxia-induced gene expression programs in 

PDAC cells 

 

To assess the contribution of all three HIFα proteins to gene expression and alternative splicing output 

during hypoxia, we decided to knockdown their dimerization partner ARNT with ARNT-specific siRNA in 

the human pancreatic cancer cell line AsPC1, followed by exposure normoxia (21% O2, 24h) or chronic 

hypoxia (1% O2, 24h) in 3 replicates (Fig. 1a). In this experimental setup, HIF proteins are still available to 

interact in the nucleus with the spliceosome, but cannot initiate transcriptional output. Furthermore, we 

control the experiment for transduction and general siRNA effects by utilizing a non-targeting siRNA 

(termed siControl) in both normoxic and hypoxic cells.  

We verified >90% siRNA-mediated knockdown of ARNT in both RNA transcript and protein levels (Fig. 1b 

and 1c). Furthermore, we assessed the expression of canonical HIF target genes VEGF, GLUT1, CAIX and 

PKM2 (Fig. 2b). As expected, all tested HIF target genes increased when exposed to hypoxia but failed to 

increase in hypoxia when ARNT protein levels were abolished. Finally, we verified that HIF1α protein is still 

stabilized in hypoxia under ARNT depletion (Fig. 1c). Taken together, we concluded that ARNT knockdown 

is sufficient to impair transcriptional adaptation to hypoxia even when HIF proteins are stabilized.  

 

Next, approximately 60 million 125bp long single reads (>2.5 times human genome coverage) were 

sequenced from each sample and mapped to the human genome (hg19) for gene expression and 

alternative splicing analysis. We performed a principle component analysis (Fig. 1d) on read counts over 

all samples and found that 90% of variance can be explained by 2 components. As expected, the triplicate 

samples cluster together and are distinct from the other conditions. We also observed a profound 

distance between the normoxia control (Nx_siControl) cluster and the hypoxia control (Hx_siControl) 

cluster, which is in accordance with expected transcriptional changes during hypoxia. Interestingly, 

Hx_siARNT samples cluster closely to Nx_siARNT, reinforcing the conclusion that ARNT knockdown is 

sufficient to prevent the HIF-mediated strong transcriptional response to hypoxia. 

 

Subsequently, we assessed differences in gene expression (up- and downregulated) by pairwise 

comparisons between the groups (Fig. 1e). In accordance with previous reports, we observe a strong 

hypoxia-response with 1043 genes (539 up, 504 down) being differentially expressed when comparing 
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normoxia control to hypoxia control. In comparison, normoxia siARNT vs. hypoxia siARNT only altered 

expression of 106 genes (61 up, 45 down). Notably, most hypoxia-inducible siARNT-independent 

transcript changes remained very weak (below 2-fold) with exception for a cluster of strongly repressed 

metallothionein-family members including MT1E, MT2A, MT1X, MT1M, MT1G, MT1F and MTRNR2L1, 

suggesting a role of HIF-independent regulation of these genes during hypoxia.  

Additionally, we also observed a profound impact when comparing siRNA effects (siControl vs. siARNT) in 

both normoxia (864 genes; 494 up, 370 down) and hypoxia (1375 genes; 627 up, 748 down). These 

changes were expected since ARNT is also prominently involved in aryl receptor signaling (Rowlands, 

McEwan, & Gustafsson, 1996) and has been reported to regulate enzymes in xenobiotic metabolism 

(Vorrink & Domann, 2014).  

Finally, we report on a set of 325 genes (174 up, 151 down) where expression changed in a ‘HIF-

controlled’ manner characterized by both hypoxia-dependency and ARNT susceptibility.  

 

Next, we looked at these subgroups of differentially expressed genes and performed gene ontology and 

pathway analysis (Fig. 1f and 1g). Differentially expressed genes found by comparing normoxia control vs 

hypoxia control showed a significant enrichment in genes involved in DNA replication processes and G1/2 

transition, as well as canonical glycolysis. This is consistent with reports that hypoxia arrests cell cycle 

(Goda et al., 2003), (Koshiji et al., 2004), (Ortmann, Druker, & Rocha, 2014) and has profound effects on 

glycolysis. 

Notably, when we narrowed our analysis to only include genes which are ARNT-dependent and hypoxia-

inducible, we found that the top five enriched pathways (canonical glycolysis, gluconeogenesis, response 

to hypoxia, cellular response to decreased oxygen and 4-hydroxyproline metabolism) aggregated around 

metabolic processes. This underscores the role of HIF proteins as a metabolic master regulator during 

cellular hypoxia. 

 

We also performed pathway analysis using IPA® Ingenuity software to identify significantly affected 

pathways when comparing normoxia_siControl to hypoxia_siControl (Supplementary Fig. S1a, top), 

hypoxia_siARNT to hypoxia_siControl (Supplementary Fig. S1a, middle) and hypoxia-inducible and ARNT 

dependent genes (Supplementary Fig. S1a, bottom). 

As expected, we find again the strongest impact on Glycolysis and Gluconeogenesis pathway genes when 

focusing on HIF-dependent genes. 
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Figure 1: Global gene expression changes during hypoxia. a. Schematic of experimental setup for RNA seq. 

b. qRT-PCR validation of HIF-target genes and ARNT knockdown. c. Western blot validation of HIF protein 

expression and ARNT knockdown of sequenced samples d. Principal component analysis of sample 

similarity in 2D projection. e. Number of significant gene expression changes between conditions. f. Gene 

ontology of top 5 enriched pathways during hypoxia. g. Hierarchical clustered heat map of significantly 

changed HIF-dependent genes over all comparison conditions. h. Gene ontology of top 5 enriched 

pathways for hypoxia inducible and ARNT dependent genes. Nx, normoxia; Hyp, hypoxia; siARNT; siRNA 

mediated knockdown of aryl-receptor nuclear translocator (ARNT); siControl, siRNA control (nontargeting) 

 

Finally, we were interested to investigate transcript abundances of splicing factors and RNA-binding 

proteins (Supplementary Figure S1b.). It has been previously reported that hypoxia induces profound 

splicing chances, yet it is unclear which proteins are involved in hypoxia-dependent mechanisms of 

splicing. Thus, we compiled a comprehensive list of 285 splicing factors and splicing-associated RNA-

binding proteins and splicing kinases and investigated which genes would be differentially expressed in 

any of our experimental conditions.  

To our surprise, most splicing-associated genes showed no alterations in gene expression, suggesting that 

hypoxia-dependent splicing programs are implemented mainly on a post-transcriptional and potentially 

post-translational level.  

In support of this theory, we found in our data set that the splicing-associated kinases CLK1 and CLK3, known 

to target specifically SR proteins for phosphorylation, showed a weak (~2-fold) expression increase in 

hypoxia and corresponding dependency on HIF (Fig S1b). Furthermore, we performed mass spectrometry 

in hypoxic and normoxic AsPC-1 cells following splicing factor 3b, subunit 1 (SF3B1)-pulldown 

(Supplementary Fig. S7b and Table S3) and did not find alterations in U2 component protein-protein 

interactions, however we did find that some splicing-associated proteins were enriched in hypoxia when 

compared to normoxia (Supplementary Fig. 7c), as well as an enrichment in SWI/SNF components 

(Supplementary Fig. 7d). 

 

In summary, we concluded that PDAC cells show a canonical HIF-response when subjected to hypoxia and 

rely on HIF transcriptional activity to implement metabolic changes, whereas mRNA expression of 

spliceosome components were most unaltered by HIF transcriptional transactivation. 
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Identification of hypoxia induced alternative splicing events 

 

Next, we set out to find alternative splicing events between experimental conditions in our RNA seq. data. 

We used a previously published algorithm (Spladder, (Kahles, Ong, Zhong, & Ratsch, 2016)) and integrated 

our annotated RNA seq. data to create an augmented splicing graph from which we extracted splicing 

events. The extracted splicing events were further quantified and splice-junction reads were selected for 

differential analysis between the samples. Finally, DESeq2 ((Love, Huber, & Anders, 2014)) was used to test 

for differential junction usage in response to hypoxia with and without HIF activity (Fig 2a).  

 

Using junction read counts, we identified 539 significant alternative splicing events with P-Adjusted < 0.15. 

Separated by event type, Exon skipping (230) and intron retention (166) were the most prominent splicing 

changes followed by alternative 5’usage (73), alternative 3’usage (53) and multi-exon skipping (17) (Fig 2b, 

red). 

We generated expression heatmaps using junction counts of the top 50 most significantly changed 

alternative splicing events for exon skipping (Fig 2d.) and all other event types (Fig S2a-d) using unsupervised 

clustering. As expected, samples clustered over experimental conditions, showing robust junction reads 

between the triplicates as well as consistent alternative junction usage during hypoxia. We found that many 

top 50 junction reads were enriched in known hypoxia-dependent genes (LDHA, ALDOC, P4HA1, NPAS2) 

and multiple junctions could be alternatively used in the same gene (e.g. LDHA, NPSR1).  

During qRT-PCR validation, we found that many minor transcripts that ranked high on statistical significance 

could be replicated, however their abundance (as estimated by Ct values of junction-spanning primers) was 

lower by several orders of magnitude when compared to the canonical isoform transcript (supplementary 

Fig S3).  

We reasoned that the comparison of junction read counts (although normalized over the whole transcript 

length between conditions) of rare splice isoforms might be inflated by better detection of these events in 

highly-expressed hypoxia-inducible genes during hypoxia. Furthermore, we were skeptical that hypoxia-

induced changes in these rare splicing events are sufficient to exert any biological function considering their 

low relative and absolute abundance, therefore we sought to restrict our threshold parameters further by 

including a percentage-spliced-in (PSI) threshold of >5% (Fig. 2b, green).  

PSI looks at a comparison of total transcript levels and calculates an inclusion rate as percentage of all 

available transcript isoform abundances for a given gene. Correspondingly, significantly changed but low-

abundant minor mRNA isoforms were filtered out and only transcript isoforms that yielded an at least < 5% 



30 
 

shift of total transcripts for that gene were considered for further analysis. We cannot rule out that some 

of the excluded lowly-expressed minor isoforms could potentially harbor unknown biological functions, but 

we estimate that most of these observed alternative isoforms are likely attributed to transcriptional noise 

or splicing errors caused by hypoxia-mediated changes in the spliceosome configuration rather than having 

real regulatory impact.  

Considering the identified smaller set of significant and PSI > 5% hypoxia-inducible splicing events, we were 

interested if these events can be found in human cancer patients, so we analyzed data from The Cancer 

Genome Atlas (TCGA) using Spladder. Over 90% (33 out of 36) of our PSI-ranked alternative splicing events 

are identified by Spladder in human cancer patients (Fig 2b, blue). 

 

Next, we sought to identify the nature of our (PSI-ranked) splicing events (Fig. 2c) and to stratify which 

alternative splicing events had a high change of introducing alternative biological function by generating 

sensible alternative transcripts. Unfortunately, this is a difficult, error-ridden and potentially futile approach 

given only transcript data, as many splicing events will produce mRNA isoforms with reading-frame shifts or 

intron retentions, generating pre-mature stop codons (PTC). PTC introduction is thought to deplete mRNA 

species via the nonsense-mediated RNA degradation (NMD) pathway (Weischenfeldt, Lykke-Andersen, & 

Porse, 2005), as it would lead to incorrectly translated and truncated proteins. However, only a subset of 

all PTC containing transcripts are targeted by NMD (Lindeboom, Supek, & Lehner, 2016), and some PTC 

containing mRNAs are used to generate truncated proteins that fulfill a biological role (Brady et al., 2017). 

 

Given these inherent limitations, we decided to focus our efforts on further characterizing the hypoxia-

induced alternative splicing of SLC35A3 (Fig. 3a) and FAM13A (Fig. 3b), because they were among the top-

ranked candidates after SplAdder analysis, showed consistent hypoxia-dependent splicing in qRT-PCR 

validation in several model systems and their overall biological role is underexplored in the scientific 

literature. Furthermore, multiple protein isoforms have been previously reported for both SLC35A3 

(http://www.uniprot.org/uniprot/Q9Y2D2) and FAM13A (Jin et al., 2015) and the alternative spliced exons 

show conservation between species. 

 

Next, we decided to investigate if the observed alternative splicing events show differential usage in human 

cancer patients using TCGA data. Unfortunately, as FAM13A alternative splicing turned out to be highly 

complex, given that there are long and short transcript isoforms both containing the observed hypoxia-

inducible splicing event, we could not resolve FAM13A for TCGA analysis.  
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Figure 2. Identification of hypoxia-inducible alternative splicing events. a. SplAdder pipeline. b. Number of 

alternative splicing events identified using p-Adjusted (red) alone or p-Adjusted and PSI >5% (green) 

combined as threshold. Number of PSI > 5% ranked events that are also observed in TCGA are depicted in 

blue. c. Hypoxia-dependent alternative splicing events identified for SLC35A3, FAM13A, CCDC107, RPS2, 

ANKZF1, TUBAL3, IL32, LRR1, DIMT1 (top to bottom, blue junctions are preferentially used during hypoxia, 

yellow boxes depict alternative sequence usage between isoforms)  d. Heat map of normalized splice 

junction counts for identified alternative exon-skipping events. Differential junction counts cluster over 

experimental conditions.  

 

For SLC35A3, we discovered that human cancer patients had a high range of PSI values (Fig 3c), indicating 

that the observed variations in SLC35A3 alternative exon inclusion might be a regulated event influenced 

by either environmental or genetic factors. SLC35A3 is an octahelical transmembrane Golgi transporter for 

UDP-N-Acetylglucosamine, a sugar metabolite used for protein glycosylation (Fig. 8).  We plotted the 

distributions of PSI values for SLC35A3 alternative exon inclusion over 12 different cancer types and 

compared them to either matching normal (same patient) or GTEx (same tissue) PSI value distributions (Fig. 

3c). 

In many instances, the available TCGA data for patient-matched normal tissue was sparse, so we were 

unable to identify significant differences between the comparison groups. Especially in our tissue of interest, 

pancreatic adenocarcinoma (PAAD), no matched normal samples were available for analysis. Nevertheless, 

in tumors with higher incidence, like prostate (PRAD), lung (LUAD) and breast (BRCA), significant differences 

in SLC35A3 alternative exon usage were discovered.   

Tumors of the kidney (KIRC), colon (COAD), thyroid (THCA) and stomach (STAD) showed no difference in 

SLC35A3 alternative exon usage between patient-matched normal and GTEx samples (Fig. 3c). 

Finally, we were interested if the observed differences in exon usage could be used to stratify patients and 

compare survival outcomes. Using the comprehensive BRCA cohort (Fig. 3d), we created 2 patient groups 

by SLC35A3 alt. exon PSI > 0.5 (tend to include) or PSI < 0.5 (tend to exclude) and plotted survival data 

available from TCGA using COX-regression.  

We observe a small but not significant difference in survival of patients with PSI > 0.5 in this cohort. We also 

looked at survival outcomes for other hypoxia-inducible splicing events using all events where we observed 

at least a 10% spread in PSI and compared top-20 vs. bottom-20 percentile patient groups (Supplementary 

figure S4 and Table S2). Notably, we discovered significant survival differences in multiple cancer types for 

the alternative splicing of CIDEB, FADS3, NSMCE4A, MCM10 and IL32 which would warrant further 

investigation.  
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Figure 3. TCGA analysis of hypoxia-inducible SLC35A3 splicing. a. & b. Gene view alignment of junction reads 

mapped to SLC35A3 (a, top) and FAM13A (b, top) alternative exon usage during normoxia, hypoxia with and 

without HIF activity. Hypoxia-dependent alternative exons of SLC35A3 and FAM13A are conserved in 

primate only (a, bottom), or multiple species (b, bottom), respectively. c. Comparison of PSI values of 

SLC35A3 alt. exon inclusion between GTEX (red), normal (green), tumor (blue) over 12 different cancer 

types. Statistical significance between groups calculated with a two-sided t-test and denoted as the 

uncorrected p-value as follows: "***" = p < 0.001, "**" = p < 0.01, "*" = p < 0.05. d. Statistical significance 

between groups calculated with a two-sided t-test and denoted as the uncorrected p-value as follows: "***" 

= p < 0.001, "**" = p < 0.01, "*" = p < 0.05. e. Cox-regression of patient survival. Patients were stratified into 

2 groups using SLC35A3 alt. exon PSI > 0.5 (blue) compared to < 0.5 (red) and survival was plotted.  

 

Hypoxia inducible splicing of SLC35A3 and FAM13A is dependent on HIF1 and HIF2  

 

Alternative splicing is known to highly tissue-specific (Tapial et al., 2017). In order to address if SLC35A3 and 

FAM13A hypoxia-induced splicing is cell-line specific, we treated the human PDAC lines AsPC-1 and PANC-

1 (Fig 4 c-f) with 1mM deferoxamine (DFO), an iron chelator reported to induce pseudo-hypoxia by 

stabilizing HIF, for 24 and 48 hours. As expected, we observe the transcriptional upregulation of HIF target 

genes CAIX, GLUT1 and APOL1 after DFO treatment.  

For SLC35A3, both AsPC-1 and PANC-1 showed a significant upregulation of the boundary-spanning exon 1-

2 junction (SLC35A3 bs1-2), while transcripts harboring the alternative exon (SLC35A3 alt) remained 

unchanged (AsPC-1) or even reduced (PANC1) under hypoxia. 

For FAM13A, exon8 inclusion increased significantly in both cell lines (FAM13A ex8), while the boundary-

spanning junction between exon 7 and exon 9 (FAM13A ex7-9) showed a significant reduction.  

 

Next, we were curious at which point during hypoxic adaptation these splicing changes would manifest. We 

set up AsPC-1 cells with and without ARNT knockdown and harvested RNA after 4, 24 and 48 hours of 

hypoxia (Fig 5a). Knockdown of ARNT with siRNA remained stable for all conditions. GLUT1 is a known early 

HIF target gene and shows a slight transcriptional upregulation already after 4h and remaining constantly 

upregulated after 24h and 48h hours. Changes to mRNA expression earlier than 4h are likely caused by 

other transcriptional or posttranscriptional mechanisms outside of HIF transactivation and would argue 

against HIF dependency. 
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Figure 4. Hypoxia-induced alternative splicing of SLC35A3 and FAM13A. a, Experimental setup. b, HIF1 target 

gene induction by DFO treatment. c-f, SLC35A3 (c,d) and FAM13A (e,f) alternative splicing in AsPC-1 and 

PANC-1 PDAC cell lines treated with DFO for 24 and 48h. (n = 3, shown is mean +/- SEM; *p < 0.05; **p < 

0.01, ***p < 0.001, two-tailed unpaired t-test, n.s … not significant)  

 

As expected, we observe a strong induction of SLC35A3 alt-exon exclusion after 24 h and 48 h, but not after 

6 hours of hypoxia, in line with what we would expect of a HIF-dependent gene. However, SLC35A3 has not 

been found to be significantly upregulated in our expression analysis, arguing for the mechanism of 

alternative splicing to account for the observed isoform differences in hypoxia.    
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Figure 5. SLC35A3 splicing and dependency on hypoxia-inducible factors. a. Hypoxia timecourse. AsPC-1 cells 

were exposed 4, 24 or 48h to 1% O2 before harvest and SLC35A3 splicing assessment. (n = 3, shown is mean 

+/- SEM; *p < 0.05; **p < 0.01, ***p < 0.001, two-tailed unpaired t-test, n.s … not significant). b & c. SLC35A3 

alternative exon usage comparing non-targeting shRNA control vs. shRNA mediated knockdown of HIF1α 

(b) or HIF2α (c) in hypoxia. HIF-dependent GLUT1 expressed is used for comparison. (n = 3, shown is mean 

+/- SEM; *p < 0.05; **p < 0.01, ***p < 0.001, two-tailed unpaired t-test, n.s … not significant) d & e. SLC35A3 

alternative splicing in HUH7 cells treated with Tunicamycin (d) and Thapsigargin (e). (n = 3, shown is mean 

+/- SEM; *p < 0.05; **p < 0.01, ***p < 0.001, two-tailed unpaired t-test, n.s … not significant). Nx, normoxia; 

Hyp, hypoxia; siARNT; siRNA mediated knockdown of aryl-receptor nuclear translocator (ARNT); siControl, 

siRNA control (nontargeting) 

 

Next, we addressed if SLC35A3 splicing is dependent on HIF1α or HIF2α, or both. We transduced AsPC-1 

cells with a lentiviral construct carrying a short hairpin RNA against HIF1α (sh_HIF1a) or non-targeting 

control (sh_ns) and treated the cells to 1mM DFO for 24h (Fig 5b). We observe a significant reduction in 

HIF-target genes Ca9 and GLUT1 in sh_HIF1a cells compared to sh_ns. Correspondingly, SLC35A3 splicing 

during hypoxia was impaired, reducing usage of the SLC35A3 bs1-2 junction (exon exclusion) to baseline 

levels. Similarly, HIF2α knockdown in hypoxia reduced usage SLC35A3 bs1-2 junction, albeit not to baseline 

(Fig 5c). Taken together, we find that both HIF1α and HIF2α contributed to the alternative splicing of 

SLC35A3. Next, we were interested in investigating if other cellular stressors could cause SLC35A3 splicing. 

SLC35A3 is a UDP-N-acetylglucosamine transporter located at the Golgi membrane. The Golgi membrane is 

a sensitive organelle which harbors several stress kinases involved in the integrated stress response. 

Additionally, SLC35A3 upregulation has been reported in response to osmotic stress in CHO cells (J. H. Lee, 

Jeong, Kim, & Lee, 2017). We reasoned that since both hypoxia and DFO are known to induce the integrated 

stress response, maybe the observed SLC35A3 splicing is post-transcriptional response to cellular stress 

signaling. Therefore, we harvested RNA from HUH7 cells treated with Tunicamycin, which blocks N-linked 

glycosylation and induces the unfolded-protein response (UPR) (Fig 5d), and Thapsigargin, an inhibitor of 

sarco/endoplasmatic reticulum Ca2+ ATPase (SERCA) which causes ER stress (Fig 5e).  

Surprisingly, both stress-inducing compounds cause an enrichment in total SLC35A3 mRNA, arguing for a 

role of this protein in the integrated stress response, but show no differences when comparing SLC35A3 

isoforms including or excluding the hypoxia-dependent alternative exon. 

 

In summary, we concluded that the observed hypoxia-inducible switch in SLC35A3 isoforms is strictly 

dependent on the presence of HIF proteins. 
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Human pancreatic cancer organoids react sensitively to hypoxia and recapitulate hypoxia-induced alternative 

splicing of FAM13A and SLC35A3 

 

Next, we sought to assess alternative splicing in a more clinically relevant model system, so we evaluated 

alternative splicing of FAM13A and SLC35A3 in human pancreatic cancer organoids subjected to hypoxia. 

Human PDAC organoids are derived from pancreatic cancer patients and 3D cultured in a matrigel matrix 

where they form spherical structures (Fig. 6a) and reportedly preserve many features of PDAC not 

recapitulated in 2D culture systems (Baker, Tiriac, Clevers, & Tuveson, 2016). Since alternative splicing 

cannot be compared between mouse and human, PDAC organoid models provide a good compromise 

between experimental applications and clinical applications (Muthuswamy, 2018; Weeber, Ooft, Dijkstra, & 

Voest, 2017). 

PDAC organoids lines were derived patients and are genetically distinct from another. We initially set out to 

characterize a PDAC organoid line with the generic name PaCa-4, because it was fast growing and allowed 

us to have sufficient material for microscopy, RNA and protein analysis (Supplementary Fig. S5).  

Protein analysis revealed a profound accumulation of HIF1α and GLUT1 after 6h, 12h and 24h of hypoxia 

(Supplementary Fig. S5b) and a striking increase in mRNA of HIF-target genes GLUT1, CAIX and APOL1 after 

24h and 48h of hypoxia (Supplementary Fig. S5c), at which point we observed massive cell death.  

Finally, we observed a strong induction of FAM13A and SLC35A3 total mRNA expression in these samples, 

as well as profound change in hypoxia-inducible isoform ratios (Supplementary Fig. S5d&e). 

 

So we decided to further characterize the nature of FAM13A and SLC35A3 splicing in PaCa-4 and PaCa-6 

PDAC organoids.  We designed a set of junction and exon-specific primers (Fig. 6b and Supplementary Table 

S1) to capture all relevant transcript isoforms impacted by the SplAdder identified splicing events. 

 

For SLC35A3, we observed a marked increase in skipping of the alternative exon located between exon 1 

and exon 2 upon hypoxia in PaCa-6, but not PaCa-4, as visualized on a 2% agarose gel. (Fig. 6c) However, 

we noted that PaCa-4 already showed a strong baseline exon skipping and there was a discernible reduction 

in transcript abundance of alternative-exon containing longer isoforms in hypoxia when compared to 

normoxia. We also assessed the relative isoform changes with qRT-PCR, where both PaCa-4 and PaCa-6 

show a significant change in isoform ratios during hypoxia (Fig 6d). These results are in line with alternative 

splicing of SLC35A3 observed in 2D culture systems. 
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Figure 6. Human pancreatic cancer organoids recapitulate hypoxia-induced alternative splicing. a, Human 

cancer patient derived pancreatic organoids form spherical structures in matrigel in normoxia and after 24h 

1% O2 hypoxia. b, SLC35A3 and FAM13A alternative splicing scheme with primer locations for qPCR and 

qRT-PCR. c & e, Quantitative PCR comparing SLC35A3 (C) and FAM13A (E) splice isoforms in normoxia and 

hypoxia in the organoid PDAC lines PaCa-4 and PaCa-8. (left) Primer location and size estimation of isoforms. 

(middle) qPCR amplicons run on a 2% agarose gel. (right) Isoform abundance estimation using ImageJ 

software.   d & f, qRT-PCR comparing SLC35A3 and FAM13A splice isoforms in normoxia and hypoxia in the 

organoid PDAC lines PaCa-4 and PaCa-8. For FAM13A, additional qRT-PCR primers were designed to 

distinguish exon inclusions between long or short FAM13A transcripts. (n = 3, shown is mean +/- SEM; *p < 

0.05; **p < 0.01, ***p < 0.001, two-tailed unpaired t-test, n.s … not significant) 

 

Surprisingly, we discovered that the identified FAM13A hypoxia-inducible exon 8 inclusion was masking a 

more complex splicing behavior, as FAM13A isoforms are transcribed from two different transcription start 

sides, generating full-length and shortened FAM13A transcripts which may be subjected to alternative exon 

8 (full length) or exon 2 (shortened) usage (Fig. 6b). We performed quantitative PCR to visualize all potential 

isoforms with full-length or shortened transcripts-specific primers on a 2% agarose gel (Fig. 6e) and found 

that baseline isoform utilization was quite different between PaCa-4 and PaCa-6 organoid lines. However, 

when subjected to hypoxia, we observe in both cell lines a significant shift toward exon 8/2 inclusion for 

shortened transcripts and a preference for exon 8/2 exclusion in longer transcript variants. Lastly, we 

quantified for full-length and shortened isoforms the relative exon 8/2 inclusion via selective qRT-PCR 

primers, confirming a drastic difference in exon utilization during hypoxia depending on full-length or 

shortened transcript species (Fig. 6f). 

 

We concluded that human PDAC organoids recapitulate the hypoxia-inducible alternative splicing observed 

in 2D PDAC cell lines and might provide a clinical relevant model for studying tumor hypoxia. 
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Metabolic profiling of hypoxia inducible SLC35A3-long isoform 

 

SLC35A3 is a UDP-N-acetylglucosamine octahelical transmembrane transporter located at the Golgi 

membrane, potentially regulating flux through the hexosamine pathway. Therefore, we analyzed mRNA 

expression of hexosamine pathway components, including the gate-keeping enzymes Glutamine-fructose-

6-phosphate aminotransferase 1 & 2 (GFPT1 and GFPT2) responsible for converting glycolytic fructose-6-

phosphate to D-glucosamine-6-phosphate using glutamine. We observe a marked increase in GFPT2, but 

not GFPT1 and no change in downstream UDP-N-acetylglucosamine converting enzymes MGAT4A and OGT 

during hypoxia in PDAC organoids (Fig. 7a). 

 

To further detangle the role of hypoxia-dependent upregulation of SLC35A3 exon1-containing isoforms 

(SLC35A3 isoform 3a and 3b, appreviated as SLC35A3-long or SLC35A3L), we designed a siRNA directed at 

exon 1 of SLC35A3 (Fig 7b), thereby allowing us to selectively deplete full-length transcripts (Fig 7c). 

Unexpectedly, we discovered that SLC35A3-long knockdown increased GFPT2 mRNA expression in both 

normoxia and hypoxia (Fig. 7d), but had no detrimental effect on the expression of other hexosamine 

pathway genes. GFPT2 mRNA expression has been reported to be correlated with UDP-N-acetylglucosamine 

levels (Coomer & Essop, 2014), so we hypothesized that SLC35A3 might influence steady state levels of this 

metabolite.  

Next, we assessed if SLC35A3L knockdown has an impact on glycolysis or oxygen consumption using a 

SeaHorse XF24 Flux Analyzer. We transfected AsPC-1, PANC-1, HUH7 and U2OS cells with siSLC35A3L or 

siControl and cultured them with 1mM DFO or in normal DMEM medium. Unfortunately, we were unable 

to perform the experiment with AsPC-1 and PANC-1 cells, since they showed no metabolic response in any 

direction in our glycolytic stress test after several trials (data not shown). Additionally, when we performed 

metabolomics on AsPC-1 and PANC-1, we could not detect any significant changes between conditions (data 

not shown). We assumed these cells, although transcriptionally responsive to hypoxia, behaved 

metabolically inert because of their high dependency on glutamine, but we did not further investigate.  

 

Instead, we then decided to use HUH7 and U2OS cells, which show a strong dependency on glycolysis and 

also exhibit the same hypoxia-inducible splicing of SLC35A3 pattern we studied in PDAC cells. We report no 

changes in extracellular acidification (ECAR) or oxygen consumption (OCR) in both cell lines, indicating that 

SLC35A3L knockdown is not impacting glycolytic flux or mitochondrial oxygen consumption rate (Fig 7e-h). 
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Figure 7. Selective knockdown of hypoxia-inducible SLC35A3-long isoform. a. Assessment of glucosamine 

pathway genes in human PDAC organoids in normoxia and hypoxia. GFPT2 … Glutamine-fructose-6-

phosphate aminotransferase 2. (n = 3, shown is mean +/- SEM; *p < 0.05; **p < 0.01, ***p < 0.001, two-

tailed unpaired t-test, n.s … not significant) b. Schematic of protein-coding SLC35A3 isoform 1 and isoforms 
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3-a/b. siRNA position for selective knockdown are indicated in red. c. qRT-PCR quantification of siRNA 

targeted SLC35A3-exon1 containing isoforms. (n = 3, shown is mean +/- SEM; *p < 0.05; **p < 0.01, ***p < 

0.001, two-tailed unpaired t-test, n.s … not significant) d. Assessment of hexosamine pathway genes after 

long-isoform specific SLC35A3 knockdown in HUH7 cells in normoxia and hypoxia. (n = 3, shown is mean +/- 

SEM; *p < 0.05; **p < 0.01, ***p < 0.001, two-tailed unpaired t-test, n.s … not significant). e-h. 

Measurement of oxygen consumption (e,g) and extracellular acidification (f,h) during glycolytic-stress test 

program for HUH7 (e,f) and U2OS (g,h) in normoxia or DFO-induced hypoxia with and without selective 

depletion of SLC35A3-long isoform. Spaced lines indicate time points of injection. GLU… glucose. OGM… 

oligomycin. 2-DG… 2-deoxyglucose.  

 

Furthermore, we performed metabolic profiling of HUH7 cells transfected with siControl, siARNT and 

siSLC35A3L and exposed for normoxia or hypoxia for 24 hours in quadruplets. Surprisingly, pairwise 

comparison of siARNT or siSLC35A3L to siControl in both normoxia and hypoxia showed very little change 

in metabolite abundances (Supplementary Fig. S6a). In contrast, we observed profound changes in 

metabolite abundances in all pairwise comparisons between normoxia and hypoxia (Supplementary Fig. 

S6b-d). Hypoxia causes the depletion of TCA cycle intermediates like (iso)citrate, succinate, malate, 

oxoglutarate as well as high energy metabolites like ATP, UTP or NADPH.  

Noteworthy, SLC35A3L depleted cells show a strong accumulation of creatine, phospho-creatine and 

glycerophosphophorylethanolamine and several amino acids (alanine, serine, threonine, glutamine) during 

hypoxia that is not recapitulated when compared to siControl cells during hypoxia.  

Finally, we performed a pathway enrichment analysis pathway enrichment analysis of pairwise comparisons 

between all conditions, as this will focus on network effects rather than individual metabolites.  

We find that during hypoxia, SLC35A3L depleted cells show an up to 3-fold enrichment in arginine and 

ornithine metabolism, arginine and proline metabolism, aspartate metabolism, glycine and serine 

metabolism, whereas in normoxia SLC35A3 depleted cells show reduction in phospholipid biosynthesis, 

glutamate metabolism, galactose metabolism and TCA cycle and malate-aspartate shuttling (Supplementary 

Fig. S6e). 

 

Taken together, SLC35A3L depletion does not affect major glycolytic fluxes and mitochondrial remodeling 

during hypoxia. However, SLC35A3L depleted cells show an accumulation of various amino acids and 

energy-rich metabolites during hypoxia, arguing for a potential fine-tuning role of energy metabolism. 
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Discussion 

 

Given the prominent role of hypoxia in developmental, physiological and pathological processes, we 

hypothesized that adaptation to reduced oxygen levels is manifested on multiple regulatory levels in the 

cellular machinery. On a transcriptome level, we observe hundreds of changes in gene expression when 

comparing PDAC cells subjected to hypoxia versus normal culture conditions. Many of these “hypoxia-

inducible” transcripts have been reported previously and have shown a strong dependence on HIF-proteins. 

In our experimental setting, we aimed to deplete cells PDAC cells of HIF1β, a critical dimerization partner 

for both HIF1α and HIF2α, which prohibits the binding of HRE-elements in promotor regions and subsequent 

transcriptional induction of HIF target genes while still allowing HIF1α and HIF2α to accumulate in the 

nucleus and potentially interact with other proteins. Our lab has observed a strong direct interaction of 

HIF1α with the U2-snRNP component and essential splicing factor SF3B1 (Cortijo et. al, manuscript in 

preparation), prompting the question if this or other spliceosome interactions have a relevance to the 

splicing process. 

Alternative splicing of RNA transcripts is thought to be a major contributor to proteomic diversity in higher 

eukaryotes. Yet data on hypoxia and alternative splicing is sparse. Furthermore, while the profound effect 

of HIF-proteins on transcriptional output has been abundantly observed previously, comparatively less is 

known about the influence of HIF-proteins in post-transcriptional processes.   

 

Therefore, we tried to address this gap by focusing on the role and contribution of HIF-proteins in generating 

alternative spliced RNA transcripts and its functional implications on proteome diversity and ultimately 

cellular adaptation to hypoxia.  

 

Hypoxia impacts on the cell cycle, cell metabolism and cellular signaling (among other critical processes), 

and the dynamic splicing machinery has been shown to be influenced by crosstalk from these diverse 

pathways. Our RNA sequencing data set allows us to identify not only alternative splicing during hypoxia in 

a PDAC setting, but also detangle which splicing events specifically require HIF-mediated transcriptional 

output. 

 

Despite the limitations imposed by RNA sequencing depths, we initially discovered a large set of hypoxia-

inducible and HIF-dependent alternative splicing events using SplAdder, including many hypoxia-inducible 

genes like LDHA, P4HA1, NPAS2 and ALDOC. However, when we set out to confirm these findings and 
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potential biological implications, we discovered that the relative abundance of the alternative spliced 

transcripts was in many cases just a fraction compared to the major isoforms. This poses a conceptual 

problem: Are low-abundant alternative transcripts important to confer biological function? This question is 

very much unanswered in the scientific literature, with sparse evidence on each side of the argument 

(Blencowe, 2017; Schreiner, Simicevic, Ahrne, Schmidt, & Scheiffele, 2015; Tress, Abascal, & Valencia, 

2017). 

Ultimately, we decided to put aside many of our statistical significant and hypoxia-inducible transcripts 

because of their sheer volume and unclear biological relevance. We cannot exclude that some of the 

discovered events play a biological role in response to hypoxia, however we reasoned that splicing events 

where identified isoforms make up an at least 5% change in overall transcript abundance had a higher 

chance of being biologically relevant.  

 

Consequently, we have shown that most of the PSI <5% ranked hypoxia-inducible splicing events are 

recapitulated in human cancer patients when we analyzed TCGA data with SplAdder and validated them in 

our system, however further research will be needed to address the biological function of these events. 

We then set out to further investigate the hypoxia-inducible alternative splicing of SLC35A3 and FAM13A. 

In cell culture assays, both SLC35A3 and FAM13A hypoxia-dependent splicing was reproducible in several 

PDAC cell culture lines and human PDAC organoids. Furthermore, we discovered that FAM13A splicing was 

highly complex, as FAM13A has two different transcription start sites creating long and short versions of 

functional transcripts that are subjected to alternative exon inclusion. On top of that, FAM13A long 

transcripts tend to exclude exon 8 and exon 9 upon hypoxia, whereas FAM13A short transcripts tend to 

include exon 8 and exon 9. FAM13A is involved in ß-catenin and MAPK signaling and was reported to have 

different function depending on localization (Eisenhut et al., 2017; Jin et al., 2015). This complexity, while 

certainly interesting, makes individual contribution of hypoxia-inducible isoforms extremely challenging to 

detangle and ultimately made us refocus our efforts on SLC35A3. 

 

For SLC35A3, we discovered a not-annotated alternative exon located in the very long intron between exon 

1 and exon 2. The exon is conserved in all other primate species, including chimpanzee, gorilla, orangutan 

to macaque and olive baboon, but in no other mammal. The canonical exon 1 and exon 2 are conserved in 

all mammalian species, arguing that this alternative exon is a rather recent addition. Interestingly, this 

alternative exon also harbors a premature termination codon, which would either lead to NMD-mediated 

RNA degradation of the transcript or cause the ribosome to stall and produce a truncated protein if 

transcribed. Even more curiously, we observe that SLC35A3 has a second startcodon in exon 2, which 
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produces a shorter SLC35A3 protein. According to both our transcriptome and available proteomic data, 

this shorter isoform is the major isoform for SLC35A3, at least during normoxia. Under hypoxia, we observe 

a hypoxia-dependent increase in exon 1 usage and an overall enrichment of SLC35A3 transcripts including 

the splicing junction ex1-2, where the PTC-containing alternative exon is spliced out. This observation led 

us to speculate that alternative splicing might not be the only contributing factor to generate the observed 

splicing event, but that HIF proteins might be responsible to cause a shift in SLC35A3 transcription start side 

(TSS) usage, similar to what has been observed for the electron transport chain protein isoforms of COX4-1 

and COX4-2 during hypoxia (Fukuda et al., 2007). In our scenario, HIF proteins serve a crucial role during 

hypoxia in selecting exon-1 containing SLC35A3 transcripts which would otherwise be suppressed by 

transcription from a downstream TSS or by inclusion of an alternatively spliced-in PTC-containing exon. 

 

Therefore, we reasoned that exon 1 might be a modular addition to the N-terminus of SLC35A3 and that 

our observed PTC-containing alternative exon serves the function of preventing exon 1-containing SLC35A3 

transcripts to be translated by the ribosome during normoxia.  

SLC35A3 is an octahelical transmembrane protein with both N- and C-terminal ends extending from the 

Golgi membrane into the cytoplasm. At this point, it is unclear what function the addition of 42 N-terminal 

amino-acids encoded by exon 1 would serve. One plausible assumption is that these amino acids serve as a 

leader peptide, guiding SLC35A3 towards the Golgi; however once we overexpressed both SLC35A3 long 

(containing exon1) and SLC35A3 short (canonical isoform) we did not observe obvious differences in 

localization; both isoforms showed perinuclear and ER/Golgi association. SLC35A3 is known to 

heterodimerize with SLC35A2 (UDP-N-galactosamine transporter) (Maszczak-Seneczko et al., 2015), thus a 

leader peptide does not seem required for targeting SLC35A3 towards the Golgi.  

Another reasonable assumption lies in the fact that SLC35A3 is a critical component of the hexosamine 

pathway, transporting UDP-N-acetylglucosamine from the cytoplasm to the Golgi where it is used by OGT 

and other enzymes to glycosylate proteins (Fig 8). Changed transporter abilities of SLC35A3 isoforms could 

thereby play a critical role in regulating UDP-glucosamine flux to the Golgi, and with it, protein glycosylation. 

In support of this theory, PDACs have been reported to show up to 40% higher protein glycosylation 

(Guillaumond et al., 2013). Canonically, all hexosamine pathway metabolites are strictly dependent on 

GFPT1 and GFPT2 function as these enzymes regulate the conversion of glycolytic D-fructose 6-phosphate 

and glutamine to glucosamine 6-phosphate and glutamate. During hypoxia, glycolytic flux is increased, and 

it is unclear how this increase in flux impacts the hexosamine pathway, which usually takes about 10% of 

glycolytic D-fructose 6-phosphate (Shirato et al., 2011).  
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Figure 8. Outline of UDP-N-acetylglucosamine pathway alterations during hypoxia. SLC35A3 is located at the Golgi 

membrane. During hypoxia, the full-length isoform of SLC35A3 is preferentially produced, containing an N-terminal 

amino acid extension reaching into the cytoplasm. Colored arrows indicate up- (blue) or downregulation (red) during 

hypoxia. GLUT, Glucose transporter; Glc, glucose; P, phosphate; R, ribose; ATP, adenine triphosphate; UTP, uridine 

triphosphate; OGT, O-linked GnT; Fruc, fructose; GlcN, glucosamine; GlcNAc, N-acetylglucosamine; CoA, coenzyme A;  

G6PD, glucose-6-phosphate dyhydrogenase; GFPT1/2, Glutamine-fructose-6-phosphate aminotransferase 1 & 2; 

AMPK, AMP-activated protein kinase; GNA, Glc-6-P N-acetyltransferase; UAP, UDP-GlcNAc pyrophosphorylase; PFK, 

phosphofructokinase; MGATs, mannoysl-glycoprotein N-acetylglucosaminyl transferases. 

 

Additionally, hypoxic cells and cancer cells are shown to have an increased uptake in glutamine, another 

critical metabolite to regulate conversion of fructose-6-phosphate to glucosamine-6-phosphate by 

GFPT1/2. When we assessed mRNA expression of hexosamine pathway genes, we observed a significant 

upregulation of GFPT2 mRNA, but not GFPT1, in both hypoxia alone and when we depleted siSLC35A3-long, 

supporting the notion that these two unlinked but highly homologous genes are differentially regulated. In 

support of this notion, it was reported that phosphorylation by AMPK decreases GFPT1 activity, while it 

enhances GFPT2 activity (H. Zhang et al., 2004). AMPK is commonly activated during hypoxia (Papandreou, 

Lim, Laderoute, & Denko, 2008) and it is tempting to speculate that several hypoxia-induced mechanisms 

contribute to the regulation of GFPT1 and GFPT2, the gatekeeping enzymes of the hexosamine pathway 

and protein glycosylation. In our setting, we did not see mRNA expression changes to downstream UDP-

GluNAc utilizing enzymes MGAT4A and OGT, although these have been reported to be upregulated and 

exert pro-survival function during hypoxia in other tissues (Ferrer et al., 2014; Ngoh, Watson, Facundo, 

Dillmann, & Jones, 2008; Sharma, Saluja, & Banerjee, 2017). Taken together, these findings promote a 

model where hypoxia increases protein glycosylation during hypoxia. 

 

However, canonically hypoxia is reported to decrease flux into the pentose phosphate pathway, thereby 

reducing the production of UTP, a critical component for UDP-GlcNAc synthesis. Hypoxia also inhibits the 

mitochondrial production of Acetyl-CoA, another critical component for UDP-GlcNAc synthesis, arguing 

against the hypothesis that an increase in UDP-GluNAc is responsible or required to explain the observed 

increase in glycosylation. Although recently, some evidence has emerged that G6PD, the gatekeeping 

enzyme for the PPP, is glycosylated during hypoxia in cancer cells and thereby increases PPP flux (Rao et al., 

2015), which might supply sufficient UTP for UDP-GluNAc assembly in a feed-forward loop. How hypoxia-

inducible SLC35A3 alternative splicing fits into this intricate picture is unclear. It is tempting to speculate 
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that the different isoforms have altered affinity to or transport capabilities of UDP-GluNAc, thereby fine-

tuning UDP-GluNAc availability in the Golgi during hypoxia. 

 

To address some of these questions, we selectively depleted SLC35A3-long isoforms during hypoxia and 

performed metabolic profiling and measured oxygen consumption and lactate production. 

 

Notably, we did not identify any changes in lactate production or oxygen consumption after selective 

downregulation of hypoxia-inducible SLC35A3 long isoform in both normoxia and when we induced hypoxia 

with DFO, arguing for a neglectable impact of SLC35A3-long isoforms on influencing glycolysis or glycolytic 

flux.  

Additionally, metabolic profiling showed no profound changes in hexosamine-pathway components, which 

are notoriously hard to capture because of substrate recycling and autoregulatory feedback loops. We did 

however observe a statistical significant and surprisingly strong difference in creatine, phosphocreatine and 

glycerylpeptidlyethanolamine upon depletion of SLC35A3-long isoform in both normoxia and hypoxia. 

Creatine and phosphocreatine are important energy metabolites to restore ATP and are reported to be 

protective during hypoxia (Burklen, Hirschy, & Wallimann, 2007). Furthermore, creatine kinases have been 

found upregulated in cancer (Burklen, Hirschy, & Wallimann, 2007; Li et al., 2013). How SLC35A3 is involved 

in these processes in unclear and will need to be addressed in further investigations. 

 

More intriguingly, we observe an accumulation of N-acetyl-glutamate (NAG) and N-acetyl-aspartate (NAA) 

in both normoxia and hypoxia when we selectively depleted the long isoform of SLC35A3. During hypoxia, 

we found that NAA levels are dramatically reduced when compared to normoxia, which can be explained 

by less acetyl-CoA availability during hypoxia because of mitochondrial shutdown, but does not explain why 

SLC35A3-L knockdown would cause a comparative increase of NAG in both hypoxia as well as normoxia.  

Strikingly, when we depleted SLC35A3-L, we discovered a transcriptional upregulation of N-acetyl-

glutamate synthase (NAGS) in both normoxia and hypoxia, which could explain the accumulation of NAG 

we observe. NAG has been reported previously as a critical metabolite acting as catalytic cofactor for 

carbamyl phosphate synthase 1 (CPS1), the entry enzyme for conversion of ammonia to urea (urea cycle) 

in the liver (Caldovic et al., 2010; Tuchman et al., 2008). Upon further investigation, we found that CPS1 

mRNA expression is repressed both by SLC35A3-L depletion as well as hypoxia. The combination of hypoxia 

and SLC35A3-L depletion had a synergistic effect and resulted in the strongest transcriptional repression of 

CPS1. Additionally, we investigated ornithine transcarbamylase (OTC) and argininosuccinate synthase 1 

(ASS1) mRNA expression in normoxia, hypoxia with and without SLC35A3-L depletion. ASS1 mRNA levels 
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were unchanged over all conditions, however notably, OTC expression was strongly reduced in hypoxia 

alone and in both normoxia and hypoxia when we depleted SLC35A3-L. Taken together, the accumulation 

of NAG and the reduction in NAG-utilizing enzyme CPS1 as well as OTC suggest a decreased ability of 

SLC35A3-L depleted cells to get rid of excess nitrogen via the urea cycle. During hypoxia, the cell has an 

interest in reducing urea cycle activity because urea production is an expensive ATP consuming process 

(CPS1 and ASS1 each use 2 ATP per catalytic reaction). How hypoxia-inducible SLC35A3-L fits into this picture 

is completely unclear at this point and requires further experiments.  

One compelling hypothesis would attribute a hypoxia-protective role to SLC35A3-L, since HUH7 cells 

depleted of SLC35A3-L show a strong downregulation of the mitochondrial metabolites malate, succinate 

and aconitate in both normoxia and hypoxia, which is characteristic to canonical hypoxia-induced metabolic 

reprogramming. Furthermore, SLC35A3-L depletion changes the ratio of oxidized to reduced glutathion 

(GSH), an important antioxidant and marker for oxidative stress caused by reactive oxygen species 

(Fernandez-Checa & Kaplowitz, 2005; Kaplowitz et al., 1996). Finally, SLC35A3-L availability has a profound 

impact on the mRNA expression of urea cycle enzymes NAPS, CPS1 and OTC, thereby fine-tuning a pathway 

necessary to prevent nitrogen toxicity, a potential danger to cancer cells which rely on increased 

glutaminolysis (Yang, Venneti, & Nagrath, 2017). Taken together, it is reasonable to assume that hypoxia-

induced upregulation of a long SLC35A3 isoform might help cells to deal with the oxidative stresses and/or 

nitrogen toxicity accompanying metabolic reprogramming and ensuing increased glutamine uptake during 

hypoxia. 

Further experiments will be required to identify direct or indirect mechanisms by which a Golgi-membrane 

transporter impacts on majorly mitochondrial processes involving glutathione oxidation and urea 

production.  

 

In summary, our study reports the discovery of hypoxia-inducible isoforms in the setting of PDAC, linking 

HIF proteins with post-transcriptional regulatory processes. We validate a set of HIF-dependent splicing 

events in several model systems and report on the discovery of a HIF-dependent mechanism to increase 

abundance of full-length SLC35A3 during hypoxia. 

Lastly, we did not follow up on all potentially functional-relevant hypoxia-inducible splicing events identified 

in this study, but we hoped to illustrate on the example of SLC35A3 that alternative splicing during hypoxia 

is a complexity-generating mechanism with underexplored potential to influence hypoxia biology. We are 

happy to provide a resource of validated hypoxia-inducible alternative splicing events that serve as a starting 

point for future enquiries into this interesting field. 
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Materials and Methods 
 

General lab methods 

 

- RNA harvest & isolation 

 

Cells were washed 2x with cold PBS and subsequently scrapped in 350 µl lysis buffer containing 10 mM 

Tris(2-carboxyethyl)phosphine (TCEP) according to Nucleospin® RNA extraction protocol (Machery-Nagel). 

In short, the lysates were filtrated to reduce viscosity, then 350 µl ethanol (70%) was added and the 

suspension was mixed. The suspension was placed in a RNA column and centrifuged at 11.000 x g for 30 

seconds. The membrane-bound RNA was desalted with 350 µl MDB buffer and DNA was digested with 

rDNase at RT for 15-20 minutes. Finally, the RNA was washed in 3 washing steps and eluted in 50 µl RNase-

free H20 and subsequently used for cDNA synthesis or frozen at -20 °C. RNA concentrations were measured 

using Nanodrop 1000 Spectrophotometer (Thermo Scientific). 

  

- cDNA synthesis and quantitative real-time PCR 

 

The RNA was reverse transcribed using high-capacity cDNA reverse transcription protocol (Applied 

Biosystems™). 1 µg total RNA was diluted in 10 µl nuclease-free H2O for each sample and mixed with 2x 

reverse transcriptase master mix including dNTPS, RT random primers and RNase inhibitor. The mix was 

incubated in a thermal cycler for 10 min at 25°C followed by 120 min at 37°C and inactivated by 85°C for 5 

minutes. The resulting cDNA was diluted 1:10 with ddH2O stored at 4 °C. 

 

Quantitative real-time PCR (qRT-PCR) reactions were prepared using Roche Lightcycler 480 SYBR Green® 

Master (Roche) as recommended by the manufacturer. PCR was performed on a Lightcycler 480 machine 

(Roche) and Ct values were normalized to the housekeeping gene HPRT (hypoxanthine-guanine 

phosphoribosyl transferase). All qRT-primers were either self-designed or sequences were taken from 

primerbank website (Harvard) and ordered by Microsynth. Primer sequences used for this study can be 

found in the appendix (Primer list). 
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- Protein harvest 

 

Protein lysates from cell or organoid culture were extracted using RIPA lysis protocol (Bethyl Laboratories). 

Before use, Phosphostop® & Complete protease inhibitor® cocktail mix (Roche) and 1 mM DTT was added 

to RIPA lysis buffer. Cells were grown to approximate 80-90% confluence in tissue culture plates. The culture 

medium was aspirated carefully and the monolayers were washed 2x with ice cold PBS. The cells were 

scrapped in 1 ml of PBS and centrifuged at 4000 rpm for 3 minutes, then the supernatant was aspirated and 

1 ml RIPA lysis buffer (for 10 cm culture dishes) was added to the cell pellet and resuspended by pipetting 

up and down several times. The cell-lysis mix was incubated for 30 min at 4 °C on ice and then centrifuged 

at 4 °C for 15 min at maximum speed to pellet debris. The supernatant was extracted and transferred to a 

fresh Eppendorf tube and 2 µl were taken to measure total protein amount using Bradford assay. The 

samples were stored at -20 °C (short term) or -80 °C (long term). 

 

RIPA lysis buffer 

Stock Volume [Final] 

5 M NaCl 3 mL 150 mM 

0.5 M EDTA, pH 8.0 1 mL 5 mM 

1 M Tris, pH 8.0 5 mL 50 mM 

NP-40 (IGEPAL CA-630) 1 mL 1.0% 

10% sodium deoxycholate 5 mL 0.5% 

10% SDS 1 mL 0.1% 

dH2O 84 mL  

 

- Western Blotting 

 

10-40 µg of total protein lysate were separated by SDS-PAGE on 8% or 10% polyacrylamide minigels (BioRad) 

and transferred onto a nitrocellulose membrane (GE healthcare) by semi-dry transfer as described 

previously (Lin-Moshier & Marchant, 2013). Transfer efficiency was checked with reversible Ponceau S 

(BioRad) staining. After removal of Ponceau S with 1x TBST ( 10 mM Tris base, 0.9 % w/v NaCl, 0.1 % Tween-

20) the membranes were incubated for 2 h at RT in 5 % milk (in PBS) on a shaking platform.  

Primary antibodies were incubated overnight at 4 °C on a rolling platform (~ 20 rpm). The next day, antibody 

solution was retrieved (reuseable up to 5 times) and the membranes were washed 3 times for 10 minutes 
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in 1x TBST. Subsequently, the membranes were incubated with HRP-coupled secondary antibodies 

(Invitrogen) for the respective species (1:5000 for anti-mouse and anti-rabbit in 5% milk/TBST) for at least 

1 hour at room temperature on a rolling platform. After incubation, the membranes were washed again 3 

times for 10 minutes with 1x TBST and proteins were visualized using SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Scientific). Signals were digitally captured on a Fusion Solo S (Witec) 

machine. 

The following antibodies were used: mouse monoclonal ARNT1 (cat. No. 611079, BD Biosciences), rabbit 

polyclonal HIF1α (cat. No. NB-100-47, Novus Biologicals), rabbit polyclonal GLUT1 (cat. No. 07-1401, 

Millipore), mouse monoclonal y-Tubulin (cat. No. T6557, Sigma), mouse monoclonal SF3B1 (cat. No. D221-

3, MBL international), rabbit monoclonal SRSF1 (cat. No. 5764-1, Epitomics), rabbit polyclonal SRSF7 (cat. 

No. sc-28722, Santa Cruz), goat polyclonal hnRNP H (cat. No. sc-10042, Santa Cruz), mouse monoclonal 

SLC35A3 (cat. No. WH002344M1, Merck). 

 

- Seahorse 

 

Measurements of extracellular acidification (ECAR) and oxygen consumption rate (OCR)  

 

All extracellular flux analyses were performed using the SeaHorse XF24 Flux Analyzer (SeaHorse Bioscience). 

Briefly, 1 × 105 of siRNA transfected cells per well were seeded in a 24-well Seahorse cell culture plate 

(SeaHorse Bioscience) and cultured for 24h in either normal DMEM or DMEM + 10mM DFO to induce HIF 

accumulation.  

Before the assay, cells were incubated for 1 hour in glucose-free low-buffered Krebs-Henseleit buffer at 

37°C in a CO2-free incubator. OCR was measured every 8 minutes for the whole duration of the assay (up 

to 2 hours). For ECAR, a basal measurements were performed 4 times to estimate baseline glycolysis-related 

lactate production, then glucose (25 mM) was added and ECAR was measured for 4 consecutive times. Next, 

Oligomycin (1 µM) was injected and ECAR was measured again 4 consecutive times. Finally, 2-deoxyglucose 

was injected to determine non-glycolytic acidification. ECAR and OCR were calculated after normalization 

by cell number. 

 

- Immunofluorescent stainings 
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Immunofluorescent stainings were performed as described previously. HUH7 monolayers were fixated with 

4% Paraformaldehyde (PFA) in PBS for 10 minutes and washed with PBS 3x afterwards. The reaction was 

stopped with 0.1M Glycine in PBS incubated for 10 minutes and washed again 3x with PBS. The cells were 

then permeabilized with 0.2% TX-100 in PBS for 10 minutes at room temperature and washed again after 

with PBS 3x. For incubation with primary antibody (diluted in 1:100 in PBS + 0.05 % Tween) a humid chamber 

on parafilm upside down for 1 hour at RT. Cells were washed 3 x with PBS before incubation with secondary 

antibody and DAPI (diluted in 1:1000 in PBS + 0.05 % Tween) in a humid chamber on parafilm upside down 

for 1 hour at RT in the dark. Finally, cells were washed 3x with PBS and mounted on a coverslip with a drop 

of Mowiol mounting medium and sealed with nail polish to prevent drying and movement under the 

microscope. 

 

- proliferation assay 

 

To assess long-term proliferation, a Clonogenic Assay was performed. Briefly, siRNA transfected cells were 

trypsinized and counted. For each experimental condition, 3.3*10^4 were suspended in 10 ml in a Falcon 

tube in complete DMEM media. The cell suspension was then seeded into three wells of a 6-well plate so 

that each well would contain 1.0*10^4 cells (for fast growing cells) or 2.5-3.0*10^4 cells (for slow growing 

cells). Plates were gently shaken and placed in an incubator for 7-10 days, until cells covered around 30-

70% of the surface. 

Subsequently, medium was aspirated and the cells were incubated with crystal violet solution for 20 

minutes. Then the solution was removed and wells were gently washed with tap water. After drying, the 

stained wells were scanned and the visual data was quantified by relative surface coverage using ImageJ.  

 

Cell culture 

 

- Culture conditions & cell lines 

 

Cell line Medium Splitting 

ratio 

origin setup 

HEK-293T DMEM 1:15 Human embryonic kidney cells Virus production, protein 

OEs, IF 
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AsPC-1 RPMI 1:3 Pancreas ductal adenocarcinoma Hypoxia, siRNA, virus 

transduction, IF, RNA 

seq., metabolomics, 

proteomics, seahorse 

PANC-1 RPMI 1:5 Pancreas ductal adenocarcinoma Hypoxia, siRNA, virus 

transduction, seahorse 

PANC 0504 RPMI 1:3 Pancreas ductal adenocarcinoma Hypoxia, virus 

transduction 

HUH7 DMEM 1:20 Human hepatocellular carcinoma Hypoxia, siRNA, IF, 

metabolomics, seahorse 

MEFs Tg DMEM 1:10 Mouse embryonic fibroblasts Virus transduction 

PaCa-4 Complex 

Organoid 

media 

1:3 Human derived pancreatic cancer 

organoids 

Hypoxia, 

Metabolomics, 

PaCa-6 Complex 

Organoid 

media 

1:3 Human derived pancreatic cancer 

organoids 

Hypoxia, 

metabolomics 

PaCa-8 Complex 

Organoid 

media 

1:3 Human derived pancreatic cancer 

organoids 

hypoxia 

 

 

- Virus production & transduction 

 

HEK-293T cells purchased from American Type Culture Collection (ATCC) were used for lentivirus 

production. 24 h before transfection, the 4*10^6 cells were seeded in a 10 cm culture dish in complete 

DMEM medium. The next day, a DNA mix containing 6.5µg pMD2g, 7.5µg psPAX2 in 2.4 ml optiMEM and 

45µl PEI (1mg/ml) was prepared and incubated for 20min. Normal culture media was replaced by 6ml 

starvation medium (DMEM, 0.5% FCS and L-Glutamine), then the transfection mix was added on top of HEK-

293T cells and incubated for 4 hours. 
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After incubation, the medium was changed to DMEM complete and cells were left incubating for 48h. Upon 

virus harvest, the supernatant was passed through a 45µl filter and added to the cells for transduction. The 

day after, a second transduction was performed identically and the transduced cells were left incubating 

for 8h before start of selection.  

 

- siRNA transfection with Lipofectamine RNAiMAX 

 

A transfection master mix was prepared using 250 uL Opti-MEM + 5 uL RNAiMAX per reaction and incubated 

for 5 min at RT. In parallel, a siRNA mix was prepared using 250 uL Opti-MEM + 5 uL siRNA (20mM stock) 

per reaction. Both mixes were combined after 5 min and incubated for another 20 min at RT. In the 

meantime, cells were trypsinized, resuspended in DMEM and counted.  

500 µl of reaction mix per 1 well of a 6-well plate was added and then 2.5 * 10^5 cells were filled on top, 

diluted to yield a total volume of 2.5 ml per well. 

On the next day, cells were split 1:2 using 250 µl trypsin per well and incubated for 24-48 h before harvest. 

 

- Lipofectamine 2000 transfections 

 

Cells were seeded a day before transfection to reach a high confluency (95%). Depending on cell line, 1-3 

µg plasmid DNA diluted in 250 µl optiMEM were prepared per 2.5 * 10^5 cells in a ratio of 1:2 or 1:3 with 

Lipofectamine 2000 (1mg/ml). Both DNA and Lipofectamine 2000 dilutions were mixed and incubated for 

at least 30 min (longer for bigger plasmids) before adding to cells. The reagents were mixed by swirling. 

After 4 h of incubation, the medium was changed to complete DMEM. Cells were harvested at least 24h 

after transfection. 

 

- PDAC Organoid Line Generation 

 

Human PDAC organoids were isolated as previously described (Broutier et al., 2016).  Pathological tissue 

specimens from the tumor mass after surgical resection was placed in complete pancreas medium 

containing 5mg/ml Collagenase II.  Tissue was digested at 37°C while shaking for 5-12h. Subsequently the 

digestion was blocked with cold Advanced DMEM supplemented with 10mM Hepes, 1x Glutamax, 1x 

Penicillin/Streptomycin, centrifuged at 120g and plated in 20ul Matrigel drops. After gelling pancreas 

growth medium containing RhoKinase inhibitor was added. To further select for PDAC organoids, 
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established organoid lines were grown in human pancreatic organoid medium lacking EGF and 

supplemented with with 3.4nM Cetuximab for 2-4 weeks before using in the experiments.  

 

- Organoid Culture 

 

Human PDAC organoid lines were cultured in AdDMEM/F12 medium (Life Technologies) supplemented with 

10mM Hepes, 1x Glutamax, 1% Penicillin/Streptomycin, 1x B27 without vitamin A (Life Technologies), 

1.25mM n-Acetyl- Cysteine (Sigma), 10uM Nicotinamide (Sigma), 50ng/ml EGF (Peprotech), 100ng/ml FGF1 

(Peprotech), 10nM Gastrin (Tocris), 0.5 μM A83.01 (Tocris), 1 μM PGE2 (Peprotech), 50% Wnt3a 

(conditioned medium), 10% Noggin (conditioned medium), 10% R-spondin (conditioned medium) and 100 

μg/ml Primocin (InvivoGen). 

Organoids were split approximately once per week either by trypsinisation or by mechanical dissociation, 

followed by 5 minutes centrifugation at 120 rcf at 4°C. The cell pellet was then resuspended matrigel. 

 

Metabolomics 

 

Cells were transfected with siRNA using RNAiMAX protocol (quadruplets). On the next day, cells were 

trypsinized and equally split 1:2 in separate 6-well plates for normoxia and hypoxia. After 60 min of waiting 

for cells to reattach, the corresponding 6-well plates were transferred to a hypoxic chamber and exposed 

to 24 h of 1 % O2 or maintained in normoxia at 21 % O2.  

After incubation, cells were washed 2x quickly with ammonium carbonate solution (pre-warmed at 37°C) 

and aspirated completely. Next, the bottom of the 6-well plates was dipped into liquid nitrogen for 60 sec 

to snapfreeze the cells. Subsequently, the cells were immediately processed to extract metabolites with 400 

µl pre-cooled 40:40:20 acetonitril:methanol:water mix at -20°C for 10 min. The extraction solution was then 

collected in separate Eppendorf tubes and a second extraction with 400 µl, -20°C, 10 min was performed. 

The extraction solution was once again transferred to the Eppendorf tubes and then stored at -80°C until 

use. 

 

Materials  

Ammonium Carbonate (Sigma #207861) 

Acetic acid (Fluka #49199) 

Acetonitrile (LC-MS grade) (Fisher #10001334) 
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Methanol (LC-MS grade) (Fluka #14262) 

 

Metabolomics buffers: 

 

Wash Solution for Metabolite Sample Prep 

Ammonium Carbonate 75mM 

(4.32g in 600mL Milli-Q water) 

Adjust to pH 7.4 with Acetic Acid. 

Filter sterilise. 

N.B. To avoid pH drift, do not use wash solution more than 48h old. 

 

Extraction Solution 

Acetonitrile  40% v/v 

Methanol  40% v/v 

Milli-Q Water  20% v/v 

 

 

Mass spectrometry  

 

AsPC-1 cells were cultured in RPMI-1640 Glutamax (+1 % P/S, + 10 % FCS). 24h before harvest, 70-80 % 

confluent (20x 15 cm) dishes were put under hypoxia and normoxia (respectively). 

 

Cells were harvested in the hypoxia chamber. Culture medium was removed and washed in 15 cm dishes 

with (~10 ml per plate) ice-cold PBS twice; 2 ml PBS was added for scrap-down of the cells with a cell-

scraper. 5 plates were collected per condition in a 15 mL tube (on ice). Close tube before removing it from 

the hypoxia chamber and immediately spin cell pellet down in a pre-cooled (4°C) centrifuge for 4 min, 500 

rpm. PBS supernatant was aspirated with a pipette and the wet cell pellet was immediately shock-frozen 

for 30s in liquid nitrogen. The pellet was stored at -80 °C. 

 

SF3B1 antibody was coupled to Protein G agarose beads. In brief, 1 mg of antibody was used per ml of wet 

beads (50% slurry). Antibody and beads were incubated at room temperature for 1 hour and then washed 

twice with borate buffer. After centrifugation (3 min, 4000 rpm) beads were resuspended in borate buffer 
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and 10 µl of beads were taken (pre-crosslink control). Solid DMP (dimethylpimelimidate) was added to a 

final concentration of 20 mM (52 mg for 10 ml) and incubated on a roller for 30 min. The reaction was 

stopped by washing the beads twice with 0.2 M ethanolamine (pH 8.0) and then kept incubating for 2 h at 

room temperature. Finally, beads were washed twice with PBS and a 10µl beads (coupling control) were 

taken, the rest was stored at 4°C in PBS. 

 

The frozen cells were lysed at 4°C in 10 ml of TNN lysis buffer (+ phosphatase and protease inhibitors) for 

30 min on ice. From this point forward, handling of the samples was undertaken carefully to avoid 

contamination with keratin. The lysates were centrifuged 15 min at full speed and the clear supernatant 

was transferred to fresh tubes without the surface lipids and pellet debris. 100 µl of supernatant was taken 

out and stored for total protein concentration. 

 

The remaining lysate was pre-cleared with 240 µl slurry of Protein G Sepharose beads (washed twice with 

lysis buffer) to reduce unspecific interactions on a rocker at 4 °C for 1 hour. The pre-cleared lysate is then 

split into IgG and IP samples according to experimental conditions and transferred to Biorad Bio-spin 

columns containing the crosslinked IP-beads (pre-washed 3x with lysis buffer) or control IgG-coupled beads. 

The bead where then incubated in closed columns at 4 °C on a rotating shaker for 4 hours. 100 µl of protein 

lysate was taken for WB control (depleted lysate).  

 

After incubation, the beads were washed 4 times with 1 ml cold lysis buffer in the columns using gravity 

flow in a 4 °C cold room. The remnant were manually sucked away with a pipette tip after each wash without 

letting the beads run dry. Next, the beads were washed 3x with lysis buffer without detergents and 

inhibitors and to remove any bubbles.  

Finally, proteins were eluded from the washed beads using 3x 150 µl of elution buffer with 0.2 M glycine 

(pH 2.5). The eluate was neutralized with 50 ul of 1M NH4CO3 pH 8.8. 2x 20 µl of eluate were taken for WB 

analysis and silver staining. 

 

The eluate was treated with TCEP to a final concentration of 5 mM (1:40 from 200 mM stock) and incubated 

for 30 min at 37 °C. Next, iodoacetamide (carboxymethylation) was added to a final concentration of 10 

mM (1:20 from 200 mM stock) and incubated for 30 min at RT in the dark. Following, 1-2 U of benzonase 

nuclease was added to reduce DNA/RNA contaminations and incubated again at 37°C for 30min. 

Finally, 1 µg of trypsin was added to the eluate and incubated at 37°C overnight. 
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 The next day, the samples were acidified with 10 % formic acid to pH 2-3, then acetonitrile was added to a 

final concentration of 1 % v/v.  

For each sample, a spin column was prepared. The resin was pre-washed 2 times with 100% ACN and 

centrifuged 3 min at 1000 rpm. Then the columns were equilibrated using 3x 200 µl of 0.1% formic acid. 

Samples were loaded repeatedly until the entire eluate has been flown through twice. Next, the columns 

were washed 3 times with 0.1% formic acid, 5% ACN and centrifuged 3 min at 1000 rpm.  

For elution of the peptides, 100 µl of 0.1% formic acid in 50% ACN was used twice. Centrifuged 3 min at 

1000 rpm and collected.  

The samples were then frozen at -20°C. Before mass spectrometry, the frozen samples were dried down 

and then injected.  

 

MS Buffers: 

 

Sodium borate buffer (pH 9.0): 

Na2B4O7x10 H2O 

MW: 381.37 g/mol 

Working solution: 0.2M 

38,137g in 500ml ddH2O, filter through 0,2 µm filter to sterilize 

 

Ethanolamine (pH 8.0): 

>99.0 % 

MW: 61.08 g/mol 

Working solution: 0.2M 

6ml in 500ml ddH2O, use HCl to adjust to 8.0 

 

1M Glycine (pH 2.5): 

MW: 75.07 g/mol 

7.5 g in 100 mL ddH2O 

 

1M NH4HCO3 (pH 8.8): 

MW: 79.06 g/mol 

2,37 g in 30ml ddH20 
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500 mM TCEP: 

MW: 286.65 g/mol 

143 mg in 1ml 1M NH4HCO3 

 

200 mM Iodacetamid: 

MW: 184.96 

36.9 mg in 1mL ddH2O 

 

RNA sequencing 

 

RNA preparation and sequencing  

 

AsPC-1 cells were seeded in 6-well plates in triplicates and transduced with siScramble or siARNT using 

Lipofectamine 2000. The next day, cells were split 1:2 and transferred to a hypoxic chamber (1% O2, 24h) 

or kept under normoxic culture conditions. 48h after transfection, cells were harvested using the 

Nucleospin® RNA extraction protocol (Machery-Nagel). An aliquot was taken to measure RNA concentration 

and perform quality control, the rest was immediately frozen at -80°C until shipping to the Sequencing 

Facility (Genomics Facility Basel).  

RNA concentration and quality was assessed with Ribogreen and QC length profiling by the facility before 

library generation (TruSeq® Illumina mRNA (Poly(A) enrichment) stranded). Sequencing was performed on 

three lanes (HiSeq, SR125, 250-300 M reads per lane) and read sequences stored in FASTQ format.  

 

Data processing 

 

Sequencing reads were trimmed using trimmomatic (Bolger, Lohse, & Usadel, 2014) to remove residual 

Illumina oligonucleotide sequences on the 3’ end of each tag (options: ILLUMINACLIP: TruSeq3-SE.fa:2:30:8 

LEADING:25 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36). The remaining reads were aligned to the 

GRCh38.p10 human genome assembly using STAR 2.4.2a (Dobin et al., 2013) together with the Genecode 

v26 gene annotation (default parameters). The search for novel junctions was allowed during the mapping 

step. Gene level read counts were generated using the QoRTs software v1.2.42 (Hartley & Mullikin, 2015) 

after excluding reads with multiple alignments (MAPK score less than 255). 
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Differential gene expression analysis 

 

Gene count tables were loaded into R as a DESeq2 (Love et al., 2014) object to conduct differential gene 

expression analysis. Genes with very low counts (less than 20 mapped reads across all 12 samples) were 

excluded and we used the subsequently estimated size factors to correct for differences in library size. 

Following the standard DESeq2 workflow (Love, Anders, Kim, & Huber, 2015), changes in gene expression 

were modelled using one variable accounting for differences in genotype (wild type or ARNT knock down) 

and oxygen levels (normoxia or hypoxia) in each group of samples. Genes with a mRNA expression impacted 

by ARNT in hypoxic and normoxic conditions respectively were identified when comparing each relevant 

group of samples (WT, normoxic conditions and WT, hypoxic conditions for example). Conversely, genes 

with an ARNT-dependent expression under hypoxic conditions were identified by comparing the log2 fold 

changes during hypoxic responses for both genotypes. For each contrast of interest, results were extracted 

with the DESeq2 results function and multiple testing correction performed using the Benjamini Hochberg 

procedure (Benjamini & Hochberg, 2018). Only genes with an adjusted p-value lower than 0.05 and an 

absolute log2 fold change of at least 0.58 (1.5-fold increase or decrease) were considered differentially 

expressed between conditions. 

 

Gene Ontology enrichment 

 

In order to account for potential biases in gene ontology enrichment analysis, the matchIt function (Ho, 

Imai, King, & Stuart, 2011) was used to generate a gene set with expression and width distributions identical 

to that of the differentially expressed genes. This set constituted a background for the enrichment 

estimations performed using the weight algorithm from the topGO package (Alexa, Rahnenfuhrer, & 

Lengauer, 2006). The significance of each enrichment was assessed using a Fisher statistic and GO terms 

were then ordered by p-values within each ontology independently (molecular functions, cellular 

compartments and biological processes). 

 

SplAdder/Differential Splicing 

 

To identify all splice events on the aligned bam files, SplAdder (Kahles et al., 2016) was used with gencode 

annotation version 19. Splice events considered were: exon skips, alternative 3’/5’, multi-exon skips, 

mutually exclusive exons, and intron retentions. We considered only events with highest confidence, as 
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defined by SplAdder. All parameters used are shown here: -M merge_graphs -t exon_skip, intron_retention, 

alt_3prime, alt_5prime, mult_exon_skip, mutex_exons -c 3.  

 

To identify which events are HIF-dependent, we first must identify which junctions to represent a specific 

splice event. Junction identification for each event was done by SplAdder’s differential junction count test. 

The junction chosen to represent the event was the junction that had the largest difference between the 

+/-HIF conditions. Once the junction of interest was identified for each splice event, DESeq2 (Love et al., 

2014) was used to test for HIF dependence between conditions. The experiment was modeled as: Junction 

counts ~ Hypoxic Status + HIF status + (Hypoxic Status):(HIF Status). The significance of HIF dependence is 

defined as the Benjamini-Hochberg (Benjamini & Hochberg, 2018) corrected significance of the interaction 

term in our model. 

 

TCGA Analysis 

 

Only splicing events that had an FDR corrected p-value < 0.15 and a ΔPSI value > 0.05 were selected for 

analysis in the TCGA cohort. PSI values were reported for a sample only if the sample has >=10 reads to 

support the event. 

 

Tests for PSI values between cancer types 

For all tests to find significant differences in PSI between cancer and normal tissue a Two-sided T-test was 

used. In all figures significance is denoted as the uncorrected p-value and is depicted as follows: "***" p < 

0.001, "**"p < 0.01, "*" p < 0.05.  

 

Survival Analysis 

 

All survival analysis was done using the Survival package in R. Cox-regression was used to test differences in 

survival for each splicing event in the TCGA cohort. Survivability was modeled as: Observed PSI + 

Pathological Stage + Age at initial diagnosis. Deceased patients that were without tumor were not 

considered in this analysis. In all survival analysis figures, the significance is denoted as the uncorrected p-

value and is depicted as follows: "***" p < 0.001, "**"p < 0.01, "*" p < 0.05. 

 

Ingenuity pathway analysis 



64 
 

 

Pathway analysis was performed through the use of IPA (Ingenuity Systems). The data set from the AsPC-1 

RNA-seq. were uploaded as an xls spreadsheet to the IPA software. Differentially expressed gene sets were 

subjected to canonical pathways analysis and enriched pathways were listed and summarized in bar graphs 

including number of genes belonging to listed pathway. The significance of the association between the 

data set and the canonical pathway was based on the ratio between the number of differentially expressed 

genes that belong to the pathway divided by the total number of genes of this pathway and by P value 

calculated using Fischer's exact test. 

 

 

 

 

 

 

Supplementary Data 
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Supplementary_figure S1. Ingenuity pathway and splicing factor expression analysis. a. Most significantly 

impacted pathways for pairwise comparisons of hypoxia_wt vs. normoxia_wt (top, baseline hypoxic 

response), hypoxia_siARNT vs. hypoxia_wt (middle, reversed hypoxic response) and hxnx_siARNT vs 

hxnx_wt (bottom, HIF-controlled). Downregulated and upregulated genes are depicted in red and green, 

respectively. Orange line represents p-value of respective pathways calculated using expression differences 

and total number of genes.  b. Significantly changes in splicing factor expression in at least 1 condition. c. 

Network graph constructed using only hypoxia induced and HIF-controlled genes with corresponding p-

values. 
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Supplementary_figure S2. a-d. Expression heatmap using junction counts of the top 50 most significantly 

changed alternative splicing events for intron retention (A), alternative 5’ usage (B), alternative 3’ usage (C) 

and multi-exon skipping (D) using unsupervised clustering.  
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Supplementary_figure S3. a-f. qRT-PCR validation of significant alternative splicing events identified by 

SplAdder for PTPRR (a), FAM13A (b), ALDOC (c), P4HA1 (d), NPAS2 (e), CTPS1 (f). (n = 3, shown is mean +/- 

SEM; *p < 0.05; **p < 0.01, ***p < 0.001, two-tailed unpaired t-test, n.s … not significant) 
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Supplementary_figure S4.  TCGA survival analysis for hypoxia-inducible splicing events for CIDEB, FADS3, 

NMSMCEA4, DIMT1, MCM10, IL32 comparing PSI-ranked top-20 vs. bottom-20 percentile patient groups. 
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Supplementary Fig. S5. PaCa-4 characterization. a. Light microscopy of PaCa-4 organoid line in 

normoxia and hypoxia. b. Western blot of HIF1, GLUT1 and SF3B1 from PaCa-4 lysates after 0, 6, 

12 and 24 hours of hypoxia. c. PaCa-4 qRT-PCR of canonical HIF target genes GLUT1, CAIX and 

APOL1 after 6, 24 and 48h of hypoxia. (n = 1 per timepoint) d-e. qRT-PCR of SLC35A3 (d) and FAM13A 

(e) alternative splicing after 6, 24 and 48h of hypoxia. (n = 1 per timepoint) 
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Supplementary Fig S6. Metabolic profiling. a-d. Vulcano plots of pairwise comparison of metabolite 

abundances over experimental conditions in HUH7 cell exposed to normoxia or 24 hours of hypoxia. 

Statistical significant metabolite changes are indicated by violet dots. e. Pathway enrichment analysis of 

pairwise comparisons between all conditions. “>”, “<” and “<>” indicate “upregulated”, “downregulated” 

and “up-or-downregulated” pathways. Color coding (yellow-red-black) indicates increasing significance of 

pathway enrichment. 

 

 

Supplementary Fig. S7. Comparative proteome analysis of AsPC-1 pancreatic cancer cells after SF3b1-

pulldown in normoxia and hypoxia. a. Pipeline of experimental workflow. b. & c. Net diagram depiction of 

SF3B complex core components (b) or splicing associated proteins (c) peptide counts comparison between 

normoxic and hypoxic pulldown conditions. d. & e. Protein-protein interaction map of high-confidence 

SF3b1 interactors in normoxia (d) and hypoxia (e).  

STRING graphs were generated using https://string-db.org and network parameters were set to include only 

high confidence  (interaction score > 0.7) interactors with no more than 5 interactors showing. Edge 

thickness indicates strength of data support. Text mining and gene neighborhood were excluded as 

interaction source. 

https://string-db.org/
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Table 1: Primer list 

 

internal number Gene sequence 5' -> 3' description
319 qRT_AldoC_fw CTC AAC GCC ATC AAC ACA qRT PCR primers, glycolysis/hypoxia
320 qRT_AldoC_rev CAC GCT TGA CGA ACT CCT qRT PCR primers, glycolysis/hypoxia
321 qRT_VEGF_fw CGC AGC TAC TGC CAT CCA AT qRT PCR primers, glycolysis/hypoxia
322 qRT_VEGF_r TCG GCT TGT CAC ATT TTT CTT GT qRT PCR primers, glycolysis/hypoxia
323 qRT_GLUT1_fw ATT GGC TCC GGT ATC GTC AAC qRT PCR primers, glycolysis/hypoxia
324 qRT_GLUT1_rev GCT CAG ATA GGA CAT CCA GGG TA qRT PCR primers, glycolysis/hypoxia
325 qRT_Ca9_fw GCA GGA GGA TTC CCC CTT G qRT PCR primers, glycolysis/hypoxia
326 qRT_Ca9_rev GGA GCC TCA ACA GTA GGT AGA T qRT PCR primers, glycolysis/hypoxia
453 qRT_KDM1a_total_f TGA CCG GAT GAC TTC TCA AGA qRT primers for hypoxia splicing signature candidates
454 qRT_KDM1a_total_r GTT GGA GAG TAG CCT CAA ATG TC qRT primers for hypoxia splicing signature candidates
455 qRT_KDM1a_ex2_f CAG AAG AAG AGA GAA ATG C qRT primers for hypoxia splicing signature candidates
456 qRT_KDM1a_ex3_f CAA GCA GGA GGA CTT CAA G qRT primers for hypoxia splicing signature candidates
457 qRT_KDM1a_ex4_r GGA AGT CGG CTC TGG AAA GC qRT primers for hypoxia splicing signature candidates
458 qRT_AldoC_ex6_f GAC AAC GTT TGA GGT CGT GG qRT primers for hypoxia splicing signature candidates
459 qRT_AldoC_ex7_f CCA TGT TGG GCT TGA GCA G qRT primers for hypoxia splicing signature candidates
460 qRT_AldoC_ex5_r CAT TCT GGA GAA CGC CAA CG qRT primers for hypoxia splicing signature candidates
461 qRT_LDHA_total_f ATG GCA ACT CTA AAG GAT CAG C qRT primers for hypoxia splicing signature candidates
462 qRT_LDHA_total_r CCA ACC CCA ACA ACT GTA ATC T qRT primers for hypoxia splicing signature candidates
463 qRT_LDHA_ex2_f CTG TGC CAT CAG TAT CTT A qRT primers for hypoxia splicing signature candidates
464 qRT_LDHA_ex4_r GAC CAG CTT GGA GTT TGC AG qRT primers for hypoxia splicing signature candidates
471 qRT_FAM13A_ex7l-TTGGTACCCAGTTCACAGG qRT_primers for FAM13a splicing, boundary spanning 
472 qRT_FAM13A_ex7s_GTGAAATCATGCCTCTGC qRT_primers for FAM13a splicing
473 qRT_FAM13A_ex10CTACAGCTGATCGGATGG qRT_primers for FAM13a splicing, use for p471,472
476 qRT_PTPRR_BS1_f ACCTATGAACCAGTGTGTTGC qRT primers for PTPRR, boundary spanning primers
477 qRT_PTPRR_BS2_f ACCTATGAACCAGAAAAATG qRT primers for PTPRR, boundary spanning primers
478 qRT_PTPRR_alt5_f AGAAGCAGCTCTGGCAGC qRT primers for PTPRR splicing, alt5 site
479 qRT_PTPRR_ex6_r AATCCTTCTTTGCTCCAG qRT primers for PTPRR splicing, consitutive exon
482 qRT_FAM13A_totalf CAC TAT CAG CAT CTT CTG C qRT total FAM13A
483 qRT_FAM13A_totalr GTG GTT GAA CCC AGA AGG qRT total FAM13A
484 qRT_LDHA_ex3_f CACCAAAGATTGTCTCTGGC use with p487 and p486/487 to check ex 3 inclusion
485 qRT_LDHA_ex5-3_rCAAGATATCCA CTTTGCC ex5-3 junction spanning, use together with p463 
486 qRT_LDHA_ex2-4_f CTTAATGAAG ACTATAATG LDHA exon3 inclusion
487 qRT_LDHA_ex6_r ATTCCACTCCATACAGGC LDHA exon3 inclusion
488 qRT_FAM13a_ex15TGCTTCCTTCTTCAAGGAG more splicing signature candidate genes
489 qRT_FAM13a_ex14TACCCATCATT GAAGAAGAGG more splicing signature candidate genes
490 qRT_FAM13a_ex16GTCCAGAAAGCATCGTGC more splicing signature candidate genes
491 qRT_NPAS2_ex7_f GAACCCAAAGGAATTTCC more splicing signature candidate genes
492 qRT_NPAS2_ex6-8_TACTTAAAATTGCCTAGC more splicing signature candidate genes
493 qRT_NPAS2_ex8_r TAAGAATTGTGGTGTTGCC more splicing signature candidate genes
502 qRT_NPSR1_ex2_f ATAACTCTGTGGGTCCTC more splicing signature candidate genes
503 qRT_NPSR1_ex3_r ATGTTGACCAGTCCTGTG more splicing signature candidate genes
504 qRT_NPSR1_ex4_r TAGGTAGAGGCGTAGAGC more splicing signature candidate genes
505 qRT_NPSR1_ex5-2_GCTTGCTTTT CTGTGATGG more splicing signature candidate genes
506 qRT_NPSR1_ex4-2_CAGCACAAC CTGTGATGG more splicing signature candidate genes
507 qRT_NPSR1_total_fCAGCTTCGATTCCAGTGG more splicing signature candidate genes
508 qRT_NPSR1_total_rCACAGAGTTATCAATTGC more splicing signature candidate genes
509 qRT_LDHA_ex2-5_f ATCTTAATGAAG TGGATATC more splicing signature candidate genes
510 qRT_LDHA_ex5_r CCATGACAGCTTAATGGG more splicing signature candidate genes
511 qRT_P4HA1_ex10-9GAGAGCCAGGCA CTTTTGCTA more splicing signature candidate genes
512 qRT_P4HA1_ex8_f AATCGTCAAAGACCTAGC more splicing signature candidate genes
513 qRT_P4HA1_ex9B_rGGTCAATTTTCCAGTCTCAGG more splicing signature candidate genes
514 qRT_P4HA1_ex9A_rCTCCAAGTCTCCTGTTATTGG more splicing signature candidate genes
515 qRT_P4HA1_total_fAGTACAGCGACAAAAGATCCAG more splicing signature candidate genes
516 qRT_P4HA1_total_rCTCCAACTCACTCCACTCAGTA more splicing signature candidate genes
531 qRT_CPTS1_ex13-14ATCCCGTGGTCGTAGACATGC more splicing signature candidate genes
532 qRT_CPTS1_ex13_fwGCCAATTCTACAGAGTTTG more splicing signature candidate genes
533 qRT_CPTS1_ex15_r CTCAAATCGGTGGCGGTG more splicing signature candidate genes
534 qRT_CPTS1_in15_r TCTGCTGGTCTCTCAGCTC more splicing signature candidate genes
535 qRT_CPTS1_ex16_r GCCTTGTTCTTCCAAACAC more splicing signature candidate genes
536 qRT_CPTS1_in16-15GGATTCACCTGTTGAGGC more splicing signature candidate genes
537 qRT_MCM8_total_f CGT ACT TCT GAA CAA ACC CCA C MCM8 mut ex primers
538 qRT_MCM8_total_r AGG AGA GCT ATC GCT GTA AAC TT MCM8 mut ex primers
539 qRT_MCM8_ex10_f CAA AGA GTT CTG AGG ATG G MCM8 mut ex primers
540 qRT_MCM8_ex11A_r TGA CCA AAA ATG ACA GGG MCM8 mut ex primers
541 qRT_MCM8_ex11B_r AGG TTG CAG TGA GCT GAG MCM8 mut ex primers
542 qRT_MCM8_BS11A_r CAA AGC GAG TTG ACA ATG MCM8 mut ex primers
543 qRT_MCM8_BS11B_r AGA CTC CAT TTG ACA ATG MCM8 mut ex primers
554 qRT_SLC35A3_bs1-2GCTGCCCTTG GCAAATGA SLC35A3 splicing
555 qRT_SLC35A3_bsA-AGCCTCCCAA GCAAATGA SLC35A3 splicing
556 qRT_SLC35A3_alt ACAGAGGCGCAATCTCAG SLC35A3 splicing
557 qRT_SLC35A3_ex2_TCGCCAACCTAAAATACG SLC35A3 splicing
558 qRT_SLC35A3_ex2_TTCAGCAACAACCACTGC SLC35A3 splicing
559 qRT_LRR1_tot_f GTCCGAGCCGTGTTGAGC LRR1 splicing assessment; ex3 exclusion
560 qRT_LRR1_tot_r ATTGCTCAATGTTCTCCC LRR1 splicing assessment; ex3 exclusion
561 qRT_LRR1_BS2-4_f TGTCTAAGTAAG GATTCC LRR1 splicing assessment; ex3 exclusion
562 qRT_LRR1_BS3-4_f ATTACATAATAG GATTCC LRR1 splicing assessment; ex3 exclusion
563 qRT_LRR1_ex3_f GAATCTTCTGCACGAACC LRR1 splicing assessment; ex3 exclusion
564 qRT_LRR1_ex4_r ATTCATGGTAGTAGTTCC LRR1 splicing assessment; ex3 exclusion
565 qRT_ZSWIM8_ex13GCCAGTTTCATCTTTGACG ZSWIM8 intron retention, alt splicing
566 qRT_ZSWIM8_exin1GCTCCAGGTATGATGCCTG ZSWIM8 intron retention, alt splicing
567 qRT_ZSWIM8_ex14GACTTGGGGGCCGGGAAC ZSWIM8 intron retention, alt splicing
568 qRT_ZSWIM8_totalGCTGGCATACCAGGAGTC ZSWIM8 intron retention, alt splicing
569 qRT_ZSWIM8_totalGATAGTCACAGAGTGTCC ZSWIM8 intron retention, alt splicing
570 qRT_ZSWIM8_in13_TGACCCTACAGTAAGTGG ZSWIM8 intron retention, alt splicing
571 qRT_ZSWIM8_in13_CAGGGGAACCCAAAATCC ZSWIM8 intron retention, alt splicing
602 qPCR_AP1G2_ex14_f GGA CGA AGA GGA AGT GCT alt splicing intron retention
603 qPCR_AP1G2_ex15_r CAT GTG GTC GTA TTT CCG alt splicing intron retention
604 qPCR_ANKZF1_ex7_f GCC ATC ACA CTC TGC TGG alt splicing intron retention
605 qPCR_ANKZF1_ex8_r CAA CAG TAT TGT ACC AGC alt splicing intron retention
606 qPCR_ANKZF1_ex9_f AGA GGA GAG AAA GAA GCC alt splicing intron retention
607 qPCR_ANKZF1_ex10r CTG AAA GCC ATC TTC TCC alt splicing intron retention
608 qPCR_PTPRH_ex17f AAG TGT GAG CAT TAC TGG alt splicing intron retention
609 qPCR_PTPRH_ex18r ACA GAC AGT GTC TTC TGC alt splicing intron retention
612 SLC35A3_ex1f ATG AGC TCT CGC TCG GTG exon1 junction
613 SLC35A3_ex1r CAA GGG CAG CCT TTC CAT exon1 junction
614 SLC35A3_alt_r TGG GAG ATC ACT TGA GCC exon1 junction
615 FAM13A ex7s_ex8_CTCTGCAAAGTTCACAGG long vs short
616 FAM13A ex7s_ex9_CTCTGCAAAGTGCTCATG long vs short
617 FAM13A ex7l_ex9_fTTGGTACCCAGTGCTCATG long vs short
618 FAM13A_ex7l_f GAGGGTGCTATTAGTGCC long vs short
619 FAM13A_ex10_f TGATGTTAATAACTCTGG long vs short
620 FAM13A_ex10_r CCATGTCGAACTTCATCC long vs short
625 qRT_GFPT1_fw AACTACCATGTTCCTCGAACGA hexosamine pathway genes
626 qRT_GFPT1_rev CTCCATCAAATCCCACACCAG hexosamine pathway genes
627 qRT_FUT11_fw TTCTACGGCACAGACTTCCG hexosamine pathway genes
628 qRT_FUT11_rev AGTGGCGACTGAAGGTGGA hexosamine pathway genes
629 qRT_OGT_fw TCCTGATTTGTACTGTGTTCGC hexosamine pathway genes
630 qRT_OGT_rev AAGCTACTGCAAAGTTCGGTT hexosamine pathway genes
631 qRT_MGAT4A_fw TGTTTCAAGCGCCGGATCTTA hexosamine pathway genes
632 qRT_MGAT4A_rev GCCAATCAATGGGTTTCTCCT hexosamine pathway genes
633 qRT_MGAT5B_fw ATCCGCACAGAAGTGATGGG hexosamine pathway genes
634 qRT_MGAT5B_rev CAGCGATGTCGGAGACGTT hexosamine pathway genes
635 qRT_GFPT2_fw TTGGTCGAGAGAGTCATTCAGC hexosamine pathway genes
636 qRT_GFPT2_rev AAGATAGGGATCTGTTCTGTGGA hexosamine pathway genes
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Table 2: Hypoxia PSI ranked splicing events and TCGA survival odds ratios comparing high vs low PSI 

stratified patients 

     
survival odds 
ratio 

event_id abs_delta_psi symbol p-val cancer type 
top vs bottom 
PSI 

alt_3prime_9324 0.166666667 RPS2    
exon_skip_926 0.166666667 SLC35A3    
intron_retention_23826 0.156666667 CCDC107    
exon_skip_13265 0.15 LRR1 0,017 LUAD 1:1.9 
alt_3prime_2699 0.133333333 TUBAL3    
alt_5prime_2302 0.133333333 POLL 0,006 STAD 1:3.5 
exon_skip_29956 0.123333333 GAL3ST1    
mult_exon_skip_6269 0.123333333 RPS9    
alt_3prime_20419 0.12 GPANK1 0,048 PAAD 1:2.2 
intron_retention_7750 0.116666667 CIDEB 0,046 LUSC, BRCA, ACC 1:0.5-1:10 
intron_retention_19500 0.11 HLTF    
intron_retention_3658 0.103333333 PTS    
intron_retention_4235 0.103333333 FADS3 0,012 BLCA, SKCM 1:2.7 

exon_skip_16288 0.093333333 IL32 0,02 
SKCM, LUSC, 
STAD 1:2.5 

exon_skip_29093 0.093333333 ENSG00000272962   
alt_5prime_7139 0.09 IL32    
intron_retention_7669 0.086666667 AP1G2 0,02 LUAD 1:2.7 
intron_retention_2414 0.083333333 ZSWIM8    
intron_retention_20636 0.083333333 DIMT1 0,043 BLCA, SKCM 1:2.0 
alt_3prime_11971 0.08 ENSG00000197681   
intron_retention_2784 0.076666667 NSMCE4A 0,002 SKCM, LUAD 1:22.7 
exon_skip_43438 0.076666667 GSN 0,03 LIHC 1:3.5 
alt_3prime_2324 0.073333333 MCM10 0,011 STAD 1:3.5 

intron_retention_16405 0.07 ANKZF1 0,013 
SKCM, LUAD, 
BLCA 1:2.5 

intron_retention_9100 0.066666667 IL32    

intron_retention_9099 0.066666667 IL32 0,007 
SKCM, BLCA, 
BRCA 1:2.0 - 1:3.0 

intron_retention_16406 0.06 ANKZF1    
intron_retention_19860 0.053333333 ANKRD37 0,003 SKCM 1:2.7 
intron_retention_18041 0.053333333 MPST    
exon_skip_7853 0.053333333 TMEM45B 0,05 STAD 1:2.3 
intron_retention_15619 0.053333333 PTPRH    
intron_retention_6173 0.053333333 PTPRR    
exon_skip_28414 0.053333333 SLCO4A1    
exon_skip_38780 0.053333333 NPSR1    
alt_3prime_13441 0.05 AES    
intron_retention_10832 0.05 SGSM2    
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Table 3: Proteomics raw peptide counts 

 

SF3B1 specific interactors in normoxia and hypoxia 
genes IgG nx SF3B1 nx IgG hyp SF3B1 hyp genes 
SF3B1   126  7 133 SF3B1 

SF3B3 1 96  6 100 SF3B3 

SF3B2   78    84 SF3B2 

DHX15   44  5 44 DHX15 

U2SURP   34    39 SLC4A1AP 

SLC4A1AP   32  1 38 U2SURP 

HTATSF1   28  1 30 CHERP 

CHERP   20    28 HTATSF1 

CCDC97   18    22 CCDC97 

RBM17   16    20 RBM17 

SNRPA1   16  7 20 PCMT1 

SF3B4   13  2 16 SF3B4 

SF3B5   13  6 15 YBX3 

ATP5A1 1 9    14 SNRPA1 

SF3B6   9    12 SF3B6 

SSB   9    12 SF3B5 

PHF5A   9  4 11 SSB 

HP1BP3 1 8  5 11 SMARCA4 

DHX9 1 7    10 PHF5A 

SLC25A5   7  2 9 HP1BP3 

LARP1 1 6  2 8 RSL1D1 

TUBB6 1 6    7 GPATCH11 

RSL1D1 1 6  2 7 ARID1A 

ILF3 1 6  2 6 SRSF7 

SNRPB2 1 6    5 DPF2 

TUFM 1 5    5 PABPN1 

RBM39   5    5 SF3A1 
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