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Abstract 
Intra-tumor hypoxia is a common feature in many solid cancers. Although transcriptional            

targets of hypoxia-inducible factors (HIFs) have been well characterized, alternative splicing           

or processing of pre-mRNA transcripts which occurs during hypoxia and subsequent HIF            

stabilization is much less understood. Here, we 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 correlate the               

discovered hypoxia-driven events with available sequencing data from pan-cancer TCGA          

patient cohorts to select a narrow set of putative biologically relevant splice events for              

experimental validation. We validate a small set of candidate HIF-dependent alternative           

splicing events in multiple human cancer cell lines as well as patient-derived human             

pancreatic cancer organoids. Lastly, we report the discovery of a HIF-dependent mechanism            

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted February 14, 2020. ; https://doi.org/10.1101/826156doi: bioRxiv preprint 

mailto:raetsch@inf.ethz.ch
https://doi.org/10.1101/826156
http://creativecommons.org/licenses/by-nc-nd/4.0/


to produce a hypoxia-dependent, long and coding isoform of the UDP-N-acetylglucosamine           

transporter SLC35A3. 

Introduction 
Oxygen is essential for eukaryotic life. Throughout the evolutionary history of life, 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 reduced oxygen             

availability, hypoxia ​[1,2]​. The most important and well-studied proteins involved in oxygen            

sensing and signaling include hypoxia-inducible factors (HIFs) and their regulators ​[3]​. HIF1α            

and HIF2α proteins are a class of transcriptional activators which, under hypoxic conditions,             

dimerize with ARNT/HIF1β ​[3,4] and form a transactivation complex with p300/CBP ​[5] to             

regulate gene expression of thousands of genes involved in various cellular pathways,            

including angiogenesis ​[6,7]​, proliferation ​[7–9]​, metabolism ​[10–12]​, apoptosis ​[13,14] and          

DNA repair ​[15]​. 

The versatility of HIF signaling also plays an important role in cancer biology [​16–18]​. Many               

solid tumors experience stages of intermediate hypoxia during neoplastic growth with           

subsequent upregulation of the HIF pathway ​[18–20]​. Furthermore, it has been repeatedly            

shown that cancer cells, utilizing HIF transcriptional programs, are able to gain competitive             

advantages over normal cells through metabolic adaptation, growth optimization, immune          

system evasion, and better survival in pathophysiological microenvironments ​[20–25]​. 

More recently, hypoxia has been reported to affect alternative splicing of HIF and non-HIF              

target genes ​[26,27]​, and that HIF activity but not hypoxia ​per se is necessary and sufficient                

to regulate RNA splicing of hypoxia inducible genes ​[26]​. 

Defective or aberrant alternative splicing is a prominent and widespread feature in cancer             

biology ​[28,29]​. Alternative splicing is abundant in higher eukaryotes, greatly expanding the            

diversity of the human transcriptome and proteome ​[29,30]​. It has been estimated that over              

95% of human genes undergo alternative splicing ​[31] and that up to 50% of              

disease-causing mutations influence splicing ​[32,33]​. Consequently, it was reported that          

pathologically altered alternatively spliced genes are involved in almost every aspect of            

cancer biology, including proliferation, differentiation, cell cycle control, apoptosis, motility,          

invasion, angiogenesis, and metabolism ​[29,33–36]​. 

While genomic data resources are now available for many cancer types, broad studies             

investigating environmental context-driven alternative splicing or RNA processing in various          

cancer types are scarce ​[34,37]​. 
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Given the crucial role of HIFs to implement adaptation to hypoxia, we set out to perform                

whole transcriptome sequencing in pancreatic cancer cells with and without perturbation of            

HIF transcriptional activity in normoxic (21% O2) and hypoxic (1% O2) settings. We analyze              

transcriptome data using SplAdder ​[38] and compare identified alternative splicing events to            

TCGA patient data. To identify biologically relevant HIF-driven splice events, we performed            

an association study to identify which of our events are significantly associated with the              

hypoxic state of the patient. Next, we experimentally validate hypoxia-induced and           

HIF-dependent splicing events in multiple ​in vitro systems, including clinically relevant           

patient-derived human pancreatic cancer organoids. We report the discovery of a           

HIF-dependent mechanism to produce a long, coding isoform of the          

UDP-N-Acetylglucosamine (UDP-GluNAc) transporter SLC35A3 (SLC35A3-L). Lastly, we       

investigate metabolic adaptations to siRNA mediated selective knockdown of SLC35A3-L in           

both normoxia and hypoxia. 

 

Methods 

RNA preparation and sequencing 
 
AsPC-1 cells were seeded in 6-well plates in triplicates and transfected with siScramble or              

siARNT using Lipofectamine RNAiMAX. The next day, cells were split 1:2 and transferred to              

a hypoxic chamber (Baker Ruskinn SCI-tive) at 1% O​2 for 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. 
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Data processing 

  

Sequencing reads were trimmed using trimmomatic ​[39] 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 ​[38,40] 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 ​[39,41] after excluding reads with multiple             

alignments (MAPK score less than 255). 

  

Differential gene expression analysis 

  

Gene count tables were loaded into R as a DESeq2 ​[42] 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 ​[42,43]​, 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 whose mRNA expression was 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 ​[44]​. 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. 
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Gene Ontology enrichment 

In order to account for potential biases in gene ontology enrichment analysis, the matchIt              

function ​[45] 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            

[46]​. 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 ​[38] was used with gencode                

annotation version 19. Splice events considered were: exon skips, alternative 3’/5’, and            

intron retentions. We considered only events with highest confidence, as 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 identify which junctions represent a             

specific splice event, the junction including or excluding the alternative exon part. 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 most significant              

difference between the +/-HIF conditions as reported by SplAdder’s test. Once the junction             

of interest was identified for each splice event, DESeq2 ​[42] was used to estimate the               

junction count dispersions. glm.nb ​[47] from the MASS R package was then used to test for                

HIF dependence, independent of expression between conditions. The experiment was          

modeled as: 

Y ~ ​𝛃​0​ + ​𝛃​lib.size​x​lib.size​ + ​𝛃​Expression​x​Expression ​+ ​𝛃​O2​x​O2​+ ​𝛃​ARNT​x​ARNT​ + ​𝛃​Interaction​(x​O2​·x​ARNT​) + ​𝝴 

 

Y is the raw junction read counts, x​Expression ​is the library-size corrected expression of the gene                

where the junction is located, x​O2 denotes whether the sample is exposed to hypoxic or               

normoxic conditions, x​ARNT ​denoted whether the sample had siARNT or siCTRL added. All ​𝛃              

terms are the associated coefficients in the model for each feature. The significance of              
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HIF-dependence is defined as the Benjamini-Hochberg corrected significance of the          

interaction term, ​𝛃​Interaction​, in our model. Furthermore, to ensure the events were not driven by               

expression changes, we additionally filtered events that had a HIF-dependent change in            

expression with an adjusted p-value ≤ 0.05 and log2FC > 1. 

 

To identify events that had HIF-dependent junction and mRNA count changes, we modeled             

our experiment in DESeq2 as:  

Y ~ ​𝛃​0​ ​ ​+ ​𝛃​O2​x​O2​+ ​𝛃​ARNT​x​ARNT​ + ​𝛃​Interaction​(x​O2​·x​ARNT​) + ​𝝴 

 

Y is the raw junction and expression counts, and all other variables are the same as defined                 

in the previous model. Again, the significance of HIF-dependence is defined as the             

Benjamini-Hochberg corrected significance of the interaction term, ​𝛃​Interaction​, in our model.  

 

Only splicing events that had an FDR corrected p-value < 0.1 and a ΔPSI (percent spliced                

in) > 0.05 were selected for analysis in the TCGA cohort. ΔPSI is defined as: 

 

ΔPSI = max( ΔPSI​relative​, ΔPSI​absolute​) 

ΔPSI​relative ​=​ ​ abs(PSI​+HIF, Hx ​- PSI​+HIF, Nx ​) - abs(PSI​-HIF, Hx ​- PSI​-HIF, Nx​) 

ΔPSI​absolute ​= PSI​+HIF, Hx​ - mean(PSI​+HIF, Nx ​, PSI​-HIF, Hx​, PSI​-HIF, Nx​) 

Correlating Splicing Events with Hypoxia Score 
 
To identify the hypoxia score across all TCGA samples [​48]​, we used the R package               

ssPATHS​[49]​. We used the hypoxic genes defined in the function get_hypoxia_genes to            

calculate the per-patient hypoxia score. Using the hypoxia score across all samples in TCGA              

with available RNA-Seq measurements, we associated the hypoxia score with the PSI or             

expression values of the events we identified as HIF-specific in our experiment using the two               

models displayed below. All expression and PSI values were taken from SplAdder. 

  

Y​HypoxiaScore​ ~ ​𝛃​0​ + ​𝛃​Expression​x​Expression​+ ​𝛃​Gender​x​Gender​ + ​𝛃​isNormal ​x​isNormal ​ + ​𝛃​CancerType​x​CancerType​ + ​𝛃​PSI​x​PSI 

+ ​𝝴 

 

where ​𝝴​ ~ Gaussian(​𝜇​,​𝜎​2​) 

 

Y​isNormal ​ ~ ​𝛃​0​ + ​𝛃​Expression​x​Expression​+ ​𝛃​Gender​x​Gender​ + ​𝛃​CancerType​x​CancerType​ + ​𝛃​PSI​x​PSI ​+ ​𝝴 
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where ​𝝴​ ~ Binomial(n,p) 

 

Only events that were significant in both tests were displayed in Figure 2d and              

Supplementary Figure S2. For all events, excluding SLC35A3, x​PSI is the PSI of the event.               

For SLC35A3, we used the expression of the first exon as x​PSI​. This was done because the                 

expression of the first three exons is low in most samples, which leads to very few junction                 

read counts and unstable regression estimates. To avoid this, we only consider the             

expression of the first exon, which is still a measure for the presence of the long isoform of                  

interest. x​Expression is the library-size normalized expression of the gene, x​Gender is the gender of               

the patient, x​isNormal denotes if the sample is an adjacent normal or a tumor sample, x​CancerType                

is the TCGA study abbreviation assigned to the sample, and x​PSI is the PSI for the event. The                  

significance of the association is defined as the the Benjamini-Hochberg corrected           

significance ​𝛃​PSI​, in our model. 

 

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 H​2​0 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 H​2​O for each               

sample and mixed with 2x reverse transcriptase master mix including dNTPS, RT random             
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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 ddH​2​O 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) ​[50]​. 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). 

Immunofluorescent stainings 

  

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. 

  

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. 
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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 ​[48,51]​. 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.  

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). 
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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. 

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).  

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 [​52]​. 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 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. 
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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).  

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 % O​2 or maintained in normoxia                  

at 21 % O​2​. 

After incubation, cells were washed 2x quickly with ammonium carbonate solution (Sigma            

#207861) (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. 
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Results 

HIF proteins are essential 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 knocked down their dimerization partner ARNT with            

ARNT-specific siRNA in the human pancreatic cancer cell line AsPC1. Furthermore, we            

exposed the cell lines to normoxic (21% O​2​, 24h) or chronic hypoxic (1% O​2​, 24h) conditions                

(Fig. 1a). 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. 1b). 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 in AsPC-1 cells is sufficient to impair transcriptional adaptation to hypoxia even             

when HIFα proteins are stabilized. 

  

Next, stranded libraries were constructed from the RNA extracted from each sample and             

sequenced. On average, >60 million 125bp single-end reads per sample were mapped to             

the human genome (hg19) for gene expression and alternative splicing analysis. We            

performed a principal component analysis (Fig. 1d) on read counts over all samples and              

found that 90% of variance can be explained by the first 2 components. 

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

pairwise comparisons between the groups (Fig. 1e). We observe a strong hypoxia-response            

(adjusted p-value < 0.05, log2 fold change > 0.58, see Methods) in 1043 genes (539 up, 504                 

down) being differentially expressed when comparing normoxia control to hypoxia control           

(Fig 1e, left panel). In comparison, normoxia siARNT vs. hypoxia siARNT only altered             

expression of 106 genes (61 up, 45 down). Additionally, we also observed a strong effect of                

the siRNA knock down with significant changes (siControl vs. siARNT) in 864 genes (494              

up, 370 down) in normoxia and (1375 genes; 627 up, 748 down) in hypoxia.  
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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)  

 

These changes were expected since ARNT is also prominently involved in aryl receptor             

signaling [​53]​ and has been reported to regulate enzymes in xenobiotic metabolism [​54]​. 

Finally, we stratify a subset of 325 genes (174 up, 151 down) where expression changed in                

a ‘HIF-controlled’ manner characterized by both hypoxia-dependency and ARNT         

susceptibility (Fig 1e, right panel).  

Next, we performed gene ontology and pathway analysis for baseline hypoxia and            

HIF-controlled gene subsets, respectively (Fig. 1f and 1g). Differentially expressed genes           

found by comparing normoxia control ​vs hypoxia control showed an enrichment in genes             

involved in DNA replication processes and G1/2 transition, as well as canonical glycolysis             

(Fig 1f). This pathway enrichment is consistent with reports that hypoxia arrests cell cycle              

[​8,55,56]​ and reprograms glycolysis [​10,12,57]​. 

Notably, when we narrowed our analysis to the ‘HIF-controlled’ set of 325 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) are all involved in metabolic processes.  

This underscores the role of HIF proteins as metabolic master regulators during cellular             

hypoxia in pancreatic cancer cells. 
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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              

transcriptome data. We used SplAdder [​38] after read alignment (STAR 2.4.2a, see            

Methods) 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 [​42] and glm.nb [​58]            

was used to test for HIF-dependent junction usage, independent of expression changes. (Fig             

2a). 

  

Using junction read counts, we identified 165 significant alternative splicing events with an             

adjusted p-value < 0.10 (see Methods). Alternative 3’usage (70 events) and exon skipping             

(45 events) and were the most prominent splicing changes followed by alternative 5’usage             

(37 events), intron retention (13 events) (Fig 2b, red). To ensure a greater biological              

relevance of retained events, we only considered events with a change in            

percentage-spliced-in (PSI) >5% (Fig. 2b, green). Further details on our PSI thresholding are             

given in the Methods section. Lastly, as we were interested in alternative isoforms found in               

human cancer patients, we filtered by retaining events that were observed in at least one               

patient in The Cancer Genome Atlas (TCGA). Notably, while 40/43 of exon skips and 12/13               

intron retentions identified by Spladder are recapitulated in TCGA cancer cohorts, we could             

only find evidence for 45/69 alternative 3’ events and 4/37 alternative 5’ events (Fig 2b,               

blue). 

  

We performed hierarchical clustering on the junction read counts of the events which we              

identified as HIF-specific (Fig 2c) and we observed a clustering for the biological triplicates              

over all experimental conditions. We also find a clear cluster separation between hypoxic             

samples (lanes 1-3) and normoxic or ARNT-perturbed samples (lanes 4-12), underscoring           

the crucial role of HIFs’ in implementing transcriptome changes during hypoxia. 
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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 (pink) alone or p-adjusted and PSI              

>5% (green) combined as threshold. Number of remaining events after adding the additional filter that               

the events are observed in TCGA are depicted in blue. ​c. Heat map of splice junction read counts                  

centered and scaled across conditions for identified alternative splicing events after hierarchical            

clustering. We observe that the triplicate cluster with one another in each condition showing that we                

have minimal within-condition variance. Furthermore, we find that the HIF-activated samples cluster            

away from all other samples, indicating that our significant events identify a HIF-specific behavior. ​d.               

Heatmap of association results between PSI of our events of interest and an estimated hypoxia score                

in the TCGA cohort. We find that our events are significantly associated in multiple cancer types, with                 

some events (EIF4A2 and PARD3) maintaining a constant direction of association across all cancer              

types. 

 

Our next goal was to identify which of our events were putative cancer relevant HIF-driven               

splice events. To identify these we performed two more filtering steps. Firstly, again taking              

advantage of TCGA, we identified which of our events are significantly associated with the              

hypoxic state of the patients. Utilizing TCGA expression data, we used the R package              

ssPATHS ​[49] to estimate a per sample hypoxia score. We then tested the association              

between the PSI of our identified HIF-dependent events and the samples hypoxia score             

across multiple tumor backgrounds (Fig. 2d). Secondly, we manually identified which           

HIF-dependent alternative splicing events had a high chance of affecting biological functions            

by generating alternative transcripts (Supplementary table T1). 

  

Furthermore, we assessed promising candidate events in human pancreatic cancer          

organoids subjected to hypoxia. We used human PDAC organoids derived from pancreatic            

cancer patients and 3D cultured in a matrigel matrix. Organoids form spherical structures             

(Supplementary Fig. S1) reportedly preserve many features of PDAC which cannot be            

reliably recapitulated in 2D culture systems ​[59]​. Since alternative splicing cannot be            

compared between mouse and human, PDAC organoid models provide a good compromise            

between experimental and clinical applications ​[60,61]​. For our experiment, we used 3            

different PDAC organoids lines (PaCa-4/-6/-8) derived from genetically distinct PDAC          

patients and exposed them to hypoxia (1% O​2​, 24h). We designed a set of junction and                

exon-specific primers (Fig. 3a) to validate several exon skipping events identified by            

SplAdder. 
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Figure 3.​ Validation of hypoxia-inducible splicing events in human pancreatic cancer organoids 

a. Schematic of observed splicing event for EIF4A2, SRSF6 and FASTKD1. Arrows indicate             

qRT-PCR and qPCR primer locations ​b. Quantitative PCR comparing alternative isoform abundances            

for EIF4A2, SRSF6 and FASTKD1 in normoxia and hypoxia in PaCa-4, -6, -8 organoid lines. Arrows                

indicate isoform location. qPCR amplicons run on a 2% agarose gel. ​c. Isoform-specific qRT-PCR in               

PaCa-4, -6, -8 organoid lines (n = 3, shown is mean +/- SEM; *p < 0.05; **p < 0.01, ***p < 0.001,                      

two-tailed unpaired t-test, n.s … not significant) 

 

In the first round of validation, we could experimentally validate 3 HIF-dependent splicing             

events in eukaryotic initiation factor 4 A2 (EIF4A2), serine-argine rich splice factor 6 (SRSF6)              

and FAST kinase domain containing protein 1 (FASTKD1) out of 8 events tested             

(Supplementary Table T1) Alternative exon inclusion in EIF4A2 and SRSF6 are predicted to             
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create non-coding transcripts, whereas FASTKD1 exon exclusion preserves the reading          

frame (Fig 3a). Quantitative PCR using primers located in the flanking exons of the              

alternative used exon for each event are visualized on a 2% agarose gel (Fig. 3b). Relative                

isoform abundance measured using boundary-spanning qRT-PCR primers are shown in          

(Fig. 3c).  

  

However, in both TCGA cancer patients and our organoid system, the alternative splicing             

PSI changes observed were small and likely of limited biological importance. There was also              

inconsistency and variance in isoform abundances between the cell lines. 

 

Coupled analysis HIF-dependent gene expression and alternative mRNA processing  
  

While we were able to identify and validate differential splice events independent of changes              

in expression, we observed them to have a low effect size. Since HIF-induced transcriptional              

adaptation to hypoxia encompasses gene expression changes in thousands of genes, we            

decided to expand our initial analysis to identify events with significant changes in both              

splicing and expression (Supplementary Figure S2). In this expanded set, we identified more             

(654) events (Supplementary figure 2a) as well as overall larger effect sizes between             

conditions. 

After another round of validation experiments, we experimentally validated HIF-dependent          

isoform changes for FAM13A, SLC35A3, ANKZF1, ANKDR37, CIDEB and NSMCE4A out of            

26 events tested (Supplementary Table T1).  

Next, we decided to focus our efforts on further characterizing the hypoxia-induced            

alternative splicing of SLC35A3, an octahelical transmembrane Golgi transporter for          

UDP-N-acetylglucosamine. SLC35A3 was among the top-ranked candidates after SplAdder         

analysis, identified in the TCGA patient cohort and was significantly associated with the             

hypoxia score in at least one cancer type, showed consistent hypoxia-dependent splicing in             

qRT-PCR validation in several model systems, and its biological role has been            

underexplored in the scientific literature.  
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Figure 4. ​Alternative mRNA processing of SLC35A3 isoforms during hypoxia​. ​a, Human cancer             

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

1% O​2 hypoxia. ​b, SLC35A3 isoform-specific qRT-PCR in PaCa-4, -6, -8 organoid lines (n = 3, shown                 

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

c, Quantitative PCR comparing SLC35A3 alternative exon inclusion in normoxia and hypoxia. Arrows             

indicate qPCR primer location. qPCR amplicons run on a 2% agarose gel. ​d, ​Schematic of hypoxia                

mediated SLC35A3 isoform switch and subsequent alternative mRNA processing. Arrows indicate           

primer locations.  

 

We measured a strong HIF-dependent upregulation of SCL35A3 transcripts containing          

exon1-exon2 junctions (bs1-2) when compared to alt-exon2 (alt) (Fig. 4b). To estimate total             

isoform abundances, we performed quantitative PCR using alternative exon flanking primers           

(Fig. 4c, top). We observed a marked increase in skipping of the alternative and exon               

located between exon 1 and exon 2 of SLC35A3 upon hypoxia in PaCa-8 and PaCa-6, but                

not PaCa-4, as visualized on a 2% agarose gel (Fig. 4c, bottom). However, we noted that                

PaCa-4 already showed a strong baseline exon skipping and there was a discernible             
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reduction in transcript abundance of alternative-exon containing longer isoforms in hypoxia           

when compared to normoxia. For all cell lines, we observed an exon-specific abundance             

increase of exon 1 during hypoxia, which is likely the result of an alternative transcription               

start site (TSS). During normoxia, transcription of SLC35A3 preferentially starts at a            

noncoding exon upstream of exon 1, whereas during hypoxia, transcription preferentially           

starts at exon 1. Mechanistically, the usage of an alternative TSS site coupled with an               

increase in exon skipping during HIF activation results in an overexpression of exon-1             

containing long isoform of SLC35A3 (SLC35A3-L) over the canonical shorter SLC35A3           

isoform. A schematic of the proposed isoform switch during HIF activation is shown in Figure               

4d. 
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Hypoxia inducible splicing of SLC35A3 is dependent on both         

HIF1 and HIF2 

  

We set out to identify if the observed alternative splicing of SLC35A3 is strictly dependent on                

HIF1 or HIF2 or if other cellular stresses related to hypoxia can affect their splicing pattern. 

  

We treated the human PDAC lines AsPC-1 and PANC-1 for 24 and 48 hours              

(Supplementary Fig S4) with 1 mM deferoxamine (DFO), an iron chelator reported to induce              

pseudo-hypoxia by stabilizing HIF. As expected, we observe the transcriptional upregulation           

of HIF target genes CAIX, GLUT1 and APOL1 after DFO treatment (Supplementary Fig S3b)              

due to HIF stabilisation. 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, suggesting the observed isoform changes are not limited            

to one cell line.  

 

To test time dependency, we set up AsPC-1 cells with and without ARNT knockdown and               

harvested RNA after 4, 24 and 48 hours of hypoxia (Fig 4a). Knockdown of ARNT with                

siRNA remained stable for all conditions (Fig 4a). 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. We observed a strong induction of SLC35A3 alt-exon              

exclusion after 24h and 48h, but not after 4 hours of hypoxia, in accordance with our                

expectation of a HIF-dependent gene. 

We wanted to find out if SLC35A3 splicing is dependent on HIF1α, HIF2α, or both.               

Therefore, 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).  
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Figure 5 ​. SLC35A3 dependency on hypoxia-inducible factors​. ​a. Hypoxia timecourse. AsPC-1           

cells were exposed 4, 24 or 48h to 1% O​2 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 investigated if other cellular stressors independent of HIF, could cause SLC35A3             

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

membrane [​62]​. 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 [​63]​. We reasoned that since both                

hypoxia and DFO are known to induce the integrated stress response, it is possible that the                

observed SLC35A3 splicing is a 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 Ca ​2+ 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. 

  

We conclude that the observed hypoxia-inducible switch in SLC35A3 isoforms is strictly            

dependent on the presence of HIF proteins, but not other cellular stressors. 
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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 the 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 observed a marked increase in GFPT2          

mRNA expression, but not GFPT1, and no change in downstream          

UDP-N-acetylglucosamine converting enzymes MGAT4A and OGT during hypoxia in PDAC          

organoids (Supplementary Fig. S4a). Next, we overexpressed two cDNA construct encoding           

SLC35A3-GFP (canonical isoform 1) and SLC35A3-L-GFP (isoform 3) in HUH7 cells assess            

where they would localize in cells (Supplementary Fig. S5). Both canonical and long isoform              

accumulated outside the nuclear membrane and had strong overlap with wheat germ            

agglutinin (WGA), a lectin with high affinity to N-acetylglucosamine often used as a Golgi              

marker.  

  

To further detangle the role of hypoxia-dependent upregulation of SLC35A3          

exon1-containing long isoforms (SLC35A3-L) we designed an siRNA directed at exon 1 of             

SLC35A3-L (Fig S4b), thereby allowing us to selectively deplete full-length transcripts (Fig            

S4c). Unexpectedly, we discovered that SLC35A3-L knockdown increased GFPT2 mRNA          

expression in both normoxia and hypoxia (Fig. 6d), but had no detrimental effect on the               

expression of other hexosamine pathway genes. GFPT2 mRNA expression levels have           

been correlated with UDP-N-acetylglucosamine levels previously ​[64]​, so we hypothesized          

that SLC35A3-L knockdown might influence steady state levels of this metabolite. 

Next, we assessed if SLC35A3-L knockdown has an impact on glycolysis or oxygen             

consumption using a SeaHorse XF24 Flux Analyzer. We transfected HUH7 and U2OS cells             

with siSLC35A3L or non-targeting siControl and cultured them with 1mM DFO or in normal              

DMEM medium (see Methods). 

  

We found no changes in extracellular acidification (ECAR) or oxygen consumption (OCR)            

after siSLC35A3-L transfection in normoxia and hypoxia, indicating that SLC35A3-L          

knockdown is not impacting glycolytic flux or mitochondrial oxygen consumption rate           

(FigS4e-h).  
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Figure 6. ​Metabolic profiling of HUH7 cells after SLC35A3-long knockdown​. ​a-c​. Volcano plots of              

pairwise comparison of metabolite abundances over experimental conditions in HUH7 cell with and             

without siRNA mediated knockdown of SLC35A3 isoform 3 exposed to (a) normoxia or (b) 24 hours of                 

hypoxia. ​d. Summary of significantly changed metabolites over experimental conditions. ​e. Schematic            

of N-acetylglutamate pathway and urea cycle. ​f. qRT-PCR of urea pathway enzymes mRNA             

expression (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; siSLC35A3L; siRNA mediated knockdown             

of the long isoform of SLC35A3; siControl, siRNA control (nontargeting) 
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To get a clearer picture on metabolite abundances, we performed metabolic profiling of             

HUH7 cells transfected with siControl, siARNT, and siSLC35A3-L and exposed these cells to             

normoxia or hypoxia for 24 hours. Hypoxia causes a consistent depletion of TCA cycle              

intermediates, such as (iso)citrate, succinate, malate, oxoglutarate as well as high energy            

metabolites like ATP, UTP or NADPH (Fig. 6a and supplementary table T2). Knockdown of              

SLC35A3-L during normoxia somewhat mimicked the depletion of TCA cycle intermediates           

like isocitrate, aconitate, succinate, malate, with the notable strong depletion of glutathione,            

a marker of oxidative stress. Interestingly, siRNA mediated knockdown of SLC35A3-L           

causes an accumulation (adj. p-value < 0.05) of N-acetyl-glutamate, rather than a depletion             

as during hypoxia. This accumulation is also significant when comparing isoform specific            

knockdown of SLC35A3-L to hypoxia control, while the knockdown had an overall minor             

effect on global metabolite homeostasis in this setting (Fig. 6c). Significant metabolite            

changes over all pairwise comparisons are summarized in Figure 6d. 

 

Given the accumulation of N-acetyl-glutamate, we assessed the mRNA expression of           

N-acetyl-glutamate synthase (NAGS) and other enzymes related to the Urea pathway in            

HUH7 cells after isoform specific knockdown of SLC35A3L (Fig. 6e). We find upstream             

GPT2 and NAGS mRNA expression increased, partly explaining our accumulation of           

N-acetyl-glutamate (Fig. 6f). Furthermore, we observe a reduction in mRNA expression of            

downstream carbamyl phosphate synthase 1 (CPS1) and ornithine transcarbamylase (OTC),          

the gatekeeping enzymes to the Urea cycle pathway, following SLC35A3L knockdown or            

exposure to hypoxic conditions. Notably, the reduction in mRNA expression of these two             

enzymes is strongest when cells experience both hypoxia and SLC35A3-L knockdown (Fig.            

6f). 
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Discussion 
  

Since the discovery of hypoxia-inducible factors two decades ago, hundreds of studies            

uncovered how this family of transcription factors influence a plethora of cellular processes             

through transcriptional upregulation of thousands of genes. Yet surprisingly little is known            

about the influence of HIF-proteins in post-transcriptional processes like pre-mRNA splicing.  

 

In our HIF-perturbation experiment, we discovered a large set of hypoxia-inducible and            

HIF-dependent alternative splicing events using SplAdder. When we set out to           

experimentally confirm these findings and assess potential biological implications, we found           

that the relative abundance of the alternative spliced transcripts was in many cases just a               

fraction compared to the major isoforms. We cannot exclude that some of the discovered              

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

down our analysis to splicing events where identified isoforms make up an at least a 5%                

change in overall transcript abundance had a higher chance of having function impacts. To              

further strengthen our claim that candidate events were biologically or disease relevant, we             

sought to identify events that were not only observed in real patients in the TCGA cohort, but                 

also correlated with the tumor’s hypoxia status. Establishing a tumor’s individual hypoxic            

score based on individual transcriptome data and associating HIF-dependent splicing events           

allowed us to identify and experimentally validate many promising candidate genes for follow             

up biological studies. To showcase the biological merits of this approach, we decided to              

study in-depth the HIF dependency of one promising candidate gene, SLC35A3.  

 

For SLC35A3, we identified an alternative exon located in the very long intron between exon               

1 and exon 2. The exon is conserved in various primate species, including chimpanzee,              

gorilla, orangutan, macaque and olive baboon, but in no other mammals. The canonical             

exon 1 and exon 2 are conserved in all mammalian species, indicating that this interspersed               

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 translated.               

We also observe that SLC35A3 has a second start codon in exon 2, which produces a                

shorter SLC35A3 protein. According to both our transcriptome and available proteomic           

(https://www.proteomicsdb.org) data, this shorter isoform is the major isoform for SLC35A3,           
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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 site (TSS) usage, similar to what has been observed for the              

electron transport chain protein isoforms of COX4-1 and COX4-2 during hypoxia [​65]​. We             

observe in multiple model systems that HIF proteins play a crucial role in selecting for               

full-length exon-1 containing SLC35A3 transcripts which would otherwise be suppressed by           

transcription from an upstream TSS or by inclusion of an alternatively spliced-in            

PTC-containing exon.  

 

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-L towards the Golgi; however once we overexpressed both           

SLC35A3-L (containing exon1) and SLC35A3 (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) ​[62]​, thus a leader peptide does not seem required for recruiting SLC35A3             

towards the Golgi.  

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 stabilized HIF proteins with DFO, arguing for a neglectable              

impact of SLC35A3-long isoforms on influencing glycolysis or glycolytic flux. 

Unexpectedly, we found an accumulation of mitochondrial metabolite N-acetyl-glutamate.         

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 ​[66,67]​. Concomitantly, we also found a transcriptional             

upregulation of N-acetyl-glutamate synthase (NAGS) in both normoxia and hypoxia during           

SLC35A3L knockdown, as well as downregulation of CPS1 expression. The observed           

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, it is beneficial for the cell to reduce urea cycle activity because                
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urea production is an expensive ATP consuming process (CPS1 and ASS1 each use 2 ATP               

per catalytic reaction). A detailed role of SLC35A3-L in these metabolic processes is still              

unclear and will require further investigations. 

One compelling hypothesis would attribute a hypoxia-protective role to HIF-induced          

SLC35A3-L, which might help cancer cells to deal with increased glutamine uptake during             

hypoxia mediated metabolic reprogramming and prevent nitrogen toxicity, a potential danger           

to cancer cells which rely on increased glutaminolysis ​[68]​. 

 

In summary, our study shows how a genome wide splicing analysis from a perturbation              

sequencing experiment combined with pathway-stratified TCGA cohort data can be utilized           

to probe a transcription factor’s post-transcriptional influence. We rigorously validate a set of             

HIF-dependent splicing events in several model systems, including human pancreatic cancer           

patient derived organoids. Lastly, we demonstrate on the example of SLC35A3 how a HIF              

dependent mechanism can create an alternative isoform with implications in cancer           

metabolism. 
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