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ABSTRACT

Hypoxia induces massive changes in alternative
splicing (AS) to adapt cells to the lack of oxygen.
Here, we identify the splicing factor SRSF6 as a key
factor in the AS response to hypoxia. The SRSF6
level is strongly reduced in acute hypoxia, which
serves a dual purpose: it allows for exon skip-
ping and triggers the dispersal of nuclear speck-
les. Our data suggest that cells use dispersal of
nuclear speckles to reprogram their gene expres-
sion during hypoxic adaptation and that SRSF6 plays
an important role in cohesion of nuclear speckles.
Down-regulation of SRSF6 is achieved through in-
clusion of a poison cassette exon (PCE) promoted
by SRSF4. Removing the PCE 3′ splice site us-
ing CRISPR/Cas9 abolishes SRSF6 reduction in hy-
poxia. Aberrantly high SRSF6 levels in hypoxia atten-
uate hypoxia-mediated AS and impair dispersal of nu-
clear speckles. As a consequence, proliferation and
genomic instability are increased, while the stress re-
sponse is suppressed. The SRSF4–PCE–SRSF6 hy-
poxia axis is active in different cancer types, and
high SRSF6 expression in hypoxic tumors corre-
lates with a poor prognosis. We propose that the
ultra-conserved PCE of SRSF6 acts as a tumor sup-
pressor and that its inclusion in hypoxia is crucial
to reduce SRSF6 levels. This may prevent tumor
cells from entering the metastatic route of hypoxia
adaptation.

INTRODUCTION

Solid tumors often contain hypoxic microdomains with low
concentrations of oxygen. Hypoxia triggers several response
mechanisms that enable tumor cells to adapt to low oxy-
gen and nutrient starvation, or to escape from this anaero-
bic environment, and also confer resistance to chemother-
apy (1,2). Signaling pathways are induced to coordinate
adaptive processes such as glycolysis, angiogenesis, prolifer-
ation, survival and metastasis. Mammalian cells sense oxy-
gen availability through several stress response pathways.
Best studied is the transcriptional response via the hypoxia-
inducible factors (HIFs) (1,3–6). The HIF1� subunit, which
is normally degraded in the cytoplasm, is stabilized by low
oxygen levels and imported into the nucleus. There, it forms
a dimeric complex with the constitutively expressed HIF1�
subunit and, together, they promote the transcription of
hundreds of target genes (7). One of the main HIF target
transcripts is vascular endothelial growth factor A (VEGFA).
The encoded protein VEGFA is secreted by hypoxic tumors
to stimulate growth and migration of endothelial cells, lead-
ing to the formation of new blood vessels (5).

Beyond the transcriptional response, recent studies un-
covered alternative splicing (AS) as a parallel layer of gene
regulation that is important for the adaptation of cancer
cells to hypoxia (8–13) and that has emerged as a potent
driving force of tumor pathogenesis and progression (14).
For example, VEGFA pre-mRNA produces several alterna-
tively spliced isoforms with either pro- or anti-angiogenic
potential (15). Specific circular transcripts (circRNAs) de-
rived from back-splicing increase in hypoxia, some of which
promote angiogenesis (16,17). Furthermore, retention of an
intron in the transcript encoding eukaryotic translation ini-
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tiation factor 2B5 (EIF2B5) leads to the generation of a
truncated protein isoform which inhibits translation in hy-
poxia (9). The identification of novel splice isoforms that
promote the adaptation to hypoxia as well as the study of
their regulatory mechanisms could reveal interesting molec-
ular targets for new cancer therapies.

SR proteins are essential splicing factors that bind to al-
ternative exons and promote their inclusion into mature
mRNAs (18). The SR protein family comprises 12 canoni-
cal members (SRSF1–SRSF12) (19) that act redundantly in
constitutive splicing (except SRSF10) but non-redundantly
in AS (20,21). SR proteins are often up-regulated in dif-
ferent cancer types (22) and their overexpression (OE) is
sufficient to transform normal cells and cause changes in
cancer-related processes, such as angiogenesis, epithelial to
mesenchymal transition (EMT) and metastasis (22,23). In-
dividual SR proteins display distinct RNA binding specifici-
ties and protein interaction partners, and their splicing ac-
tivities can be activated or inactivated through differential
phosphorylation (24–28). Although SR proteins are gener-
ally hyperphosphorylated under hypoxia through increased
levels of the CDC-like kinases (CLKs) and SR protein ki-
nases (SRPKs) (8,29), this may increase or decrease their
RNA binding specificity or splicing activity. Also, the lev-
els of SR proteins are differentially regulated in hypoxia in
a cell type-specific manner (8,9,30). However, the mecha-
nisms by which individual SR proteins affect the hypoxia re-
sponse and cancer progression need to be described in more
detail.

SRSF6 is one of the lesser studied SR proteins. It contains
two RNA recognition motifs (RRMs) at its N-terminus and
an RS domain rich in arginine and serine dipeptides at its
C-terminus. SRSF6 is frequently up-regulated in colorec-
tal, lung, skin and breast cancer, and its levels are posi-
tively correlated with more aggressive cancer phenotypes
and a poor prognosis (31–35). SRSF6 has been shown to
inhibit apoptosis and promote epithelial-to-mesenchymal
transition (EMT) and metastasis (33,34,36). Paradoxically,
SRSF6 also appears to inhibit tumor angiogenesis by pro-
moting the splicing of anti-angiogenic VEGFA isoforms
(37), and its extreme overexpression even promotes apop-
tosis and decreases proliferation of HeLa cells (35). Thus,
it remains unclear whether and how SRSF6 regulates AS
under hypoxic stress and how its aberrant expression con-
tributes to metastatic progression. Here, we characterize the
mechanisms by which SRSF6 achieves this dual function.

MATERIALS AND METHODS

Cell culture of wild-type (WT) and BAC cell lines

HeLa cells were cultivated under humidified conditions at
5% CO2 and 37◦C in Dulbecco’s modified Eagle’s medium
(DMEM) Glutamax Medium (Sigma Aldrich) supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS; Thermo Fisher Scientific) and 100 U/ml penicillin–
streptomycin (Thermo Fisher Scientific). Bacterial artificial
chromosomes (BACs) harboring green fluorescent protein
(GFP)-tagged SRSF6 and SRSF4 genes were isolated from
Escherichia coli DH10 cells using the NucleoBond PC 20
kit (Macherey-Nagel). WT HeLa cells were transfected with

1 �g of purified BAC DNA using the Effectene Transfec-
tion Reagent (Qiagen). Cells with stably integrated BACs
were selected with 500 �g/ml geneticin (G418, Thermo
Fisher Scientific), and cell pools with high and low ex-
pression levels of SRSF4–GFP and SRSF6–GFP were
sorted by fluorescence-activated cell sorting (FACS) and
expanded. Human umbilical vein endothelial cells (HU-
VECs) were cultured in pre-coated plates [0.1% gelatin–
phosphate-buffered saline (PBS), Sigma Aldrich] in en-
dothelial basal media (Lonza, Basel, Switzerland) supple-
mented with EGM™ Single Quots™ (Lonza, Basel, Switzer-
land) and 10% (v/v) FBS. HUVECs were cultured in 10 cm
dishes until the second passage and subsequently passaged
for the experiments.

Hypoxia and inhibitor treatments

For hypoxia treatment, cells were either grown in normoxic
conditions (37◦C, 21% O2, 5% CO2) or incubated and har-
vested in a hypoxia station (4 h or 24 h, 37◦C, 0.2% O2, 5%
CO2; Hypoxystation H35, Don Whitley ScientificLimited,
Oxford Optronix). To stabilize HIF1�, cells were grown un-
til 60% confluency and were then incubated for 24 h with
fresh medium containing 250 �M CoCl2 (Sigma Aldrich) or
DMSO (dimethylsulfoxide, Sigma Aldrich) as a control. To
block nonsense-mediated decay (NMD), cells were treated
with 100 �g/ml cycloheximide (CHX, Sigma Aldrich) or
DMSO 2 h before harvesting. To inhibit the proteasome,
cells were treated with 10 �M MG132 (Sigma Aldrich) or
DMSO for 4 h prior to harvesting.

RNA isolation, reverse transcription, RT-PCR and qPCR

Cells were harvested and resuspended in TRIzol (Thermo
Fisher Scientific). RNA was extracted according to the
manufacturer’s instructions, treated with TURBO DNase
(Thermo Fisher Scientific) for 30 min at 37◦C to remove
genomic DNA and subsequently purified. To obtain semi-
extractable RNAs, the TRIzol samples were split, and one
half was heated for 10 min at 55◦C prior to RNA extrac-
tion. A 1–2 �g aliquot of RNA was reverse transcribed into
cDNA using the Superscript III kit (Life Technologies) with
10 mM dNTP Mix (Thermo Fisher Scientific) and a mixture
of oligo d(T)18 and random hexamers (Sigma Aldrich). For
quantitative polymerase chain reaction (qPCR), primers
were selected using Primer-BLAST (https://www.ncbi.nlm.
nih.gov/tools/primer-blast/). qPCRs were performed using
cDNA (1:8 dilution) and the ORA SEE qPCR Green ROX
L kit (highQu) on a PicoReal 96 machine (Thermo Fisher
Scientific). For splicing PCRs, primers were designed using
SnapGene (San Diego) binding within upstream and down-
stream exons flanking the regulated cassette exons (CEs).
For circRNAs, divergent primers were designed to bind on
the left and right of the back-splice junctions. Real-time
PCRs (RT-PCRs) were performed using Taq DNA poly-
merase (New England Biolabs) with an appropriate number
of cycles within the exponential phase (generally 28 cycles).
RT-PCR products were analyzed either by standard agarose
gel electrophoresis, where images were acquired with a
ChemiDoc MP Imaging System (Bio-Rad) and quantifica-
tion of isoform fractions was performed with Fiji from at
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least three replicates, or by capillary electrophoresis using
the Agilent DNA 1000 Kit on the Agilent Bioanalyzer 2100
System. GraphPad Prism was used for graphics/statistics.
All primers used are listed in Supplementary Table S1.

RNA-seq, differential gene expression and splicing analyses

For RNA sequencing (RNA-seq), 5 �g of total RNA were
subjected to ribo-depletion and library generation by Novo-
gene (Cambridge). Libraries were either sequenced on an
Illumina HiSeq 4000 machine (single-end 75 nt reads, 30
million reads, three replicates per condition) or a NovaSeq
6000 machine (paired-end 150 nt reads, 60 million reads,
two replicates per condition). RNA-seq reads were mapped
against the human genome (version hg38) with GENCODE
gene annotation using STAR (v2.6.1d) (38) with the follow-
ing parameters:
STAR \ --runMode alignReads
--outSAMattributes All
--outSAMtype BAM SortedByCoordinate
--outFilterMismatchNmax 999
--outFilterMultimapNmax 1
--outFilterMismatchNoverLmax 0.04.
Reads were counted into exons of genes using htseq-

count (39) with default parameters, and the count tables
were used as input for differential gene expression analyses
with DESeq2 (version 1.22.2) (40). Genes with an adjusted
P-value <0.01 and an absolute fold change (FC) >1.5-fold
were considered significant. Gene Ontology (GO) enrich-
ment analysis was performed with hypeR or with the over-
representation test implemented in the enrichGO function
of the clusterProfiler package in R (41). Enrichment was
tested against the union of all genes that were tested in the
DESeq2 analysis. Adjusted P-value cut-offs were set to 0.05
and ‘biological process’ categories were explored.

Splicing analysis was performed using MAJIQ (version
2.2) (42). Specifically, we used the majiq-build function to
construct a single splice graph over all replicates and condi-
tions. Next, majiq-deltapsi was used to quantify local splic-
ing variations (LSVs) between control and hypoxic condi-
tions for the HeLa WT and SRSF6 OE datasets. Identi-
fied LSVs from both comparisons were considered signif-
icantly regulated with an absolute difference in junction
usage (percent selected index, PSI) of |�PSI| >5% and a
changing probability >50%. Non-regulated LSVs were con-
sidered with |�PSI| <2% and a changing probability of
0%. Both regulated and non-regulated LSVs were subse-
quently stratified to the binary level. First, we identified the
two main junctions per LSV based on the �PSI, retain-
ing only those LSVs for which at least 50% of the change
seen in the strongest junction can be explained by the sec-
ond strongest junction. LSVs were classified into the events
‘intron-retention’, ‘alternative 3′ splice site’, ‘alternative 5′
splice site’ and ‘cassette exon’. This was done by combin-
ing source and target LSV junctions for a given event, re-
quiring both LSVs to be regulated as defined above. CE
events were further subclassified into ‘simple cassette exon’,
‘alternative first exon’, ‘alternative last exon’ and ‘complex
events’ using the same methodology. This stratification col-
lapsed 2744 regulated LSVs including simple CEs into 727
binary events of the same category (Figure 1A; Supplemen-

tary Figure S1A) with precisely defined start and end coor-
dinates for further analyses. For RNA maps, we addition-
ally identified the upstream and downstream constitutive
exons of all simple CEs.

CircRNA analysis

CircRNAs were detected and quantified with the work-
flow Calcifer (Brezski et al., manuscript in preparation),
which combines the output of CIRCexplorer2 (version
2.3.8) (43) and CIRI2 (version 2.0.6) (44). For CIRCex-
plorer2, RNA-seq reads were mapped against the reference
genome (GRCh38.p13, Gencode v39, primary annotation)
using STAR (version 2.7.6a) (38) with the following param-
eters:
--outFilterMultimapNmax 1
--outFilterMismatchNmax 2
--alignSJDBoverhangMin 15
--alignSJoverhangMin 15
--chimSegmentMin 15
--chimScoreMin 15
--chimScoreSeparation 10
--chimJunctionOverhangMin 15.
The chimeric junctions from STAR were used as input for

CIRCexplorer2. For CIRI2, RNA-seq reads were aligned
against the same reference genome using BWA (version
0.7.17) (45) with the parameter –T 19 to pre-filter the result-
ing alignments. CIRCexplorer2 and CIRI2 were run with
default parameters, and circRNAs detected by both tools
were combined and filtered. CircRNAs that lacked a canon-
ical splice site or were longer than 100 kb were filtered out
and supporting reads for each circRNA from the chimeric
junctions output were recounted as described before (17).
Only circRNAs that had at least two unique mapped reads
across the back-splice junction in at least one replicate were
kept. The differential abundance of high-confidence circR-
NAs (≥5 mapped reads) was analyzed with DESeq2 (ver-
sion 1.30.1) (40) by combining the back-splice read counts
of all circRNAs and the linear read counts for all genes into
a joint input for DESeq2 (17).

iCLIP library preparation

Cells were grown in triplicate on 14 cm culture dishes in
normoxia or hypoxia (4 h and 24 h) until 90% confluency.
Cells were irradiated once with 150 mJ/cm2 UV light at
254 nm (CL-1000, UVP) on ice and immediately harvested
in a hypoxia chamber (Hypoxystation H35, Don Whit-
ley ScientificLimited, Oxford Optronix). iCLIP (individual-
nucleotide resolution cross-linking and immunoprecipita-
tion) was performed as described in (46) with minor modifi-
cations. Briefly, cross-linked RNA was digested into smaller
fragments using RNase I (Invitrogen) prior to immunopre-
cipitation (IP). Dynabeads Protein G (Invitrogen) coupled
to goat �-GFP antibodies (MPI-CBG, Dresden, Germany)
were used for IP. Purified RNA fragments were ligated to
pre-adenylated DNA 3′ adapters (Integrated DNA Tech-
nologies) and reverse-transcribed using barcoded reverse
transcription primers utilizing Superscript IV (Thermo
Fisher Scientific). cDNA fragments were size-selected and
circularized by CircLigase II (Epicentre/Lucigene) before
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re-linearization using BamHI HF (New England Biolabs).
The final libraries were amplified using AccuPrime Super-
Mix I (Thermo Fisher Scientific) and subjected to Illumina
sequencing on a HighSeq2000 instrument with 75 nt single-
end reads (20 million reads per replicate).

iCLIP data analysis

iCLIP sequencing data were processed according to (47)
with minor changes. In brief, adapter sequences were
trimmed from the right end of the reads with a mini-
mum overlap of 1 nt and a minimum error rate of 1%
using Flexbar (version 3.0.3). Quality control was per-
formed before and after read trimming using FastQC (ver-
sion 0.11.5). Trimmed reads were mapped to the human ref-
erence genome hg38 with STAR (version 2.5.3a) (38), al-
lowing two mismatches without soft-clipping of the read 5′
ends. Uniquely mapping reads were retained and PCR du-
plicates were removed with UMI-Tools (version 0.2.1) (48).

Processed reads from three replicates and three condi-
tions were merged prior to peak calling with PureCLIP (ver-
sion 1.3.1) (49) using a minimum transition probability of
1%. Significant cross-link sites (1 nt) were filtered by their
PureCLIP score, removing the lowest 2% of cross-link sites.
The remaining sites were merged into 7 nt wide binding sites
using the R/Bioconductor package BindingSiteFinder (ver-
sion 1.0.0), filtering for sites with at least three positions cov-
ered by cross-link events. All binding sites were controlled
for reproducibility across conditions by requiring support
from two out of three replicates. A replicate supported a
binding site when it harbored more cross-links than the
replicate-specific threshold, defined by the 10% quantile of
the distribution of cross-links in all binding sites (47).

Binding sites were overlapped with gene and tran-
script annotations obtained from GENCODE (release
29). Binding sites within protein-coding genes were as-
signed to the transcript regions, i.e. intron, coding se-
quence (CDS), 3′-untranslated region (3′UTR) or 5′UTR.
The assignment was based on a majority vote for mul-
tiple overlapping annotations, followed by the hierarchy
CDS >3′UTR >5′UTR >intron to resolve ties.

Local sequence content around SRSF6-binding sites was
assessed separately for CDS and introns by counting hex-
amer frequencies in a 101 nt window centered at the bind-
ing sites. Frequencies were normalized by the respective
set size. The 10 most enriched hexamers were aligned with
ClustalW and sequence logos were computed from the re-
sulting position–weight matrix using the R/Bioconductor
packages msa and ggseqlogo (50,51).

RNA maps were computed by counting cross-link events
mapping to simple CE events. The 5′ and 3′ splice sites of
the CEs as well as 5′ splice sites of the upstream and 3′ splice
sites of the downstream exons were used as reference points
to span a 100 nt window. For RNA maps on all identified
CEs (regulated and non-regulated), cross-link events were
summarized per iCLIP condition and normalized to the li-
brary size (see Figure 6D). For RNA maps on regulated
exons (more or less included), cross-link events were sum-
marized over all conditions and normalized to the set size
(Supplementary Figure S6E, F). The iCLIP signal was rep-
resented as normalized cross-link events with a local poly-
nomial regression fitting (loess) over this signal.

TCGA correlation analyses

Gene and junction read counts were retrieved for sam-
ples of the BRCA (breast invasive carcinoma), CESC (cer-
vical squamous cell carcinoma and endocervical adeno-
carcinoma), COAD (colon adenocarcinoma), KICH (kid-
ney chromophobe). LIHC (liver hepatocellular carcinoma)
and STAD (stomach adenocarcinoma) cohorts via the cre-
ate rse (type = ‘gene’/‘jxn’) and transform counts (only for
gene read counts) function of the R/Bioconductor pack-
age recount3 (52) which creates a RangedSummarizedEx-
periment object containing the necessary counts and addi-
tional meta information (e.g. sample type or batch identi-
fier). Samples were restricted to those labeled as ‘Primary
Tumor’ (tumor) or ‘Solid Tissue Normal’ (normal) and, in
the case of the BRCA cohort, to samples from female par-
ticipants. For gene expression quantification, the gene read
counts were normalized and transformed via the estimate-
SizeFactors and vst function of the R/Bioconductor pack-
age DESeq2 (40). In addition, the vst-transformed counts
were batch-corrected via the removeBatchEffect function of
the R/Bioconductor package limma, using the batch iden-
tifiers provided by the recount3 package. For the calcula-
tion of SRSF6 poison cassette exon (PCE) inclusion levels,
counts of the two inclusion junctions and of the skipping
junction of the PCE were extracted for all samples, followed
by the calculation of PSI values by dividing the mean of the
two inclusion junctions by that value plus the counts of the
skipping junction. PSI values were only calculated for sam-
ples where the three junctions comprised at least 25 reads.
Hypoxia scores for tumor samples of the BRCA, CESC and
LIHC cohort were extracted from (53) and correspond to
the Buffa signature. BRCA subtype classification was down-
loaded from the GDC and is based on the PAM50 signature
established by The Cancer Genome Atlas (TCGA) Network
(54).

SRSF6 knockdown

SRSF6 knockdown (KD) was performed in WT cells in nor-
moxic conditions. HeLa cells were transfected with a pool of
two small interfering RNAs (siRNAs; Sigma Aldrich), tar-
geting two different sequences within the SRSF6 transcript,
at a final concentration of 66 nM using jetPRIME Trans-
fection Reagent (Polyplus). The mission universal negative
control siRNA (Sigma Aldrich) was used as control. After
48 h, cells were harvested for RNA and protein extraction.
The siRNAs are listed in Supplementary Table S2.

PCE 3′ splice site deletion by CRISPR/Cas9 genome editing

To delete the 3′ splice site of the SRSF6 PCE, two sin-
gle guide RNAs (sgRNAs) were designed using CRISPOR
(http://crispor.tefor.net) and purchased from IDT (Inte-
grated DNA Technologies). Purified sgRNAs were pre-
assembled with recombinant clustered regularly inter-
spaced short palindromic repeats (CRISPR)-associated
protein 9 (Cas9) (IDT, Alt-R HiFi Cas9 Nuclease). HeLa
WT cells were transfected with the ribonucleoproteins
(RNPs) using Lipofectamine CRISPRMAX (Invitrogen)
and cultured for 48 h in the presence of an HDR enhancer
(20 �M, IDT). CRISPR clones were generated by limited

http://crispor.tefor.net
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dilution and grown from single cells in 96-well plates. For
genomic screening, cells were washed twice with PBS in the
96-well plates and lysed in directPCR buffer (20 mM Tris–
HCl, pH 8, 200 mM NaCl, 1 mM EDTA, 0.5% Tween-20,
0.5% NP-40) with freshly added 200 �g/ml proteinase K
(Sigma Aldrich), and incubated for 1 h at 55◦C followed
by proteinase K inactivation at 95◦C for 15 min. Screen-
ing PCRs were performed from crude lysates using primers
flanking the PCE region. The primers are listed in Supple-
mentary Table S1 and sequences of the gRNAs in Supple-
mentary Table S2.

Western blot and antibodies

Cells were lysed in 300 �l of NET-2 buffer (150 mM NaCl,
0.05% NP-40, 50 mM Tris, pH 7.5), supplemented with
cOmplete Protease Inhibitor Cocktail (Sigma Aldrich) and
10 mM �-glycerophosphate (Fluka BioChemica). Lysates
were sonicated on ice for 30 s (three pulses of 10 s; 20 s inter-
vals) at 20% amplitude (Branson W-450 D) and cleared by
centrifugation. Protein concentrations were measured us-
ing Quick Start Bradford 1× Dye Reagent (Bio-Rad) on
a NanoDrop2000 (Thermo Fisher Scientific). A 20–30 �g
aliquot of protein was separated by sodium dodecylsul-
fate (SDS)–polyacrylamide gel electrophoresis (PAGE) ei-
ther on 8% stain-free gels (Bio-Rad) or on NuPAGE 4–
12% Bis-Tris gels (Thermo Fisher Scientific) and transferred
onto nylon membranes (0.1 �m pore size, EMD Millipore).
Transfer and equal loading were evaluated by activation
of stain-free gels by UV light. Membranes were probed
with the following antibodies and dilutions in Tris-buffered
saline/Tween (TBST): 1:3 �-mouse mAb104 (CRL 2067;
ATCC), 1:100 �-rabbit HIF1� (NB100-134; Novus Biologi-
cals), 1:100 �-rabbit SRSF6 (LS-C29032711; LifeSpan Bio-
sciences), 1:1000 �-rabbit SRSF4 (NBP2-04144, Novus Bi-
ologicals), �-mouse BNIP3 (ab10433, Abcam) and �-rabbit
alpha-tubulin antibody (ab176560; Abcam). Image acquisi-
tion and quantification were performed using the ImageLab
software (Bio-Rad).

SRSF6–GFP immunoprecipitation and mass spectrometry
(MS) analysis

Cells were grown in two replicates on 14 cm culture dishes
in normoxia or 24 h hypoxia and harvested in a Hypoxy-
Lab station (Oxford Optronix, UK). For stringent IPs, 100
�l of beads (Dynabeads Protein G, Thermo Fisher Scien-
tific) were washed and resuspended in 200 �l of lysis buffer
(100 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium de-
oxycholate, 50 mM Tris, pH 7.4) and incubated with 12
�g of goat IgG �-GFP antibodies (MPI-CBG, Dresden,
Germany) on a rotating wheel at 4◦C for 1 h. Goat IgG
(Sigma) served as the specificity control. Beads were washed
with high-salt buffer (1 M NaCl, 1% NP-40, 0.1% SDS,
0.5% sodium deoxycholate, 1 mM EDTA, 50 mM Tris, pH
7.4) and lysis buffer. Cells were lysed in ice-cold lysis buffer
supplemented with cOmplete Protease Inhibitor Cocktail
(Sigma) and 10 mM �-glycerophosphate (Fluka BioChem-
ica), and sonicated (see above). Lysates were treated with
TURBO DNase (Thermo Fisher Scientific) for 5 min at
37◦C and were cleared by centrifugation (17 000 g, 10 min,

4◦C). Beads were incubated with the cell lysates at 4◦C for
1.5 h on a rotating wheel, washed with high-salt buffer and
lysis buffer without detergents and snap-frozen for subse-
quent MS analysis. The beads were digested with trypsin
and LysC overnight and the eluted proteins were analyzed
by liquid chromatography/MS (LC/MS).

Analysis of MS data

LC/MS was performed on a Thermo Scientific™ Q Exac-
tive Plus equipped with an ultra-high performance liquid
chromatography (UHPLC) unit (Thermo Scientific Dionex
Ultimate 3000) and a Nanospray Flex Ion-Source (Thermo
Fisher Scientific). Peptides were separated on a column
with a 2.4 �m Reprosil C18 resin (Dr. Maisch GmbH) in-
house packed picotip emitter tip (diameter 100 �m, 15 cm
from New Objectives) with a gradient from 4% acetoni-
trile, 0.1% formic acid to 60% eluent B (99% acetonitrile,
0.1% formic acid) in two steps for 35 min. MS data were
recorded by data-dependent acquisition. Peptides and pro-
teins were identified and quantified using PEAKS 7 Stu-
dio (Bioinformatics Solutions Inc. Waterloo, Canada), hu-
man reference proteome set (UniProt, May 2020, 74 823
entries, supplemented with SRSF6–GFP) with a false dis-
covery rate (FDR) <1%. Oxidation of methionine (+15.99),
deamidation on asparagine and glutamine (+0.98), phos-
phorylation on serine, threonine and tyrosine (+79.97) and
carbamidomethylation (+57.02) on cysteine were selected
as variable.

5-Ethynyl-2’-deoxyuridine (EdU) proliferation assay and
doubling times

Proliferation of HeLa cells was measured using the Clic-
iT® EdU Imaging Kit (Invitrogen) following the manufac-
turer’s instructions, with minor modifications. Briefly, cells
from subconfluent cultures were seeded onto 12 mm cover-
slips placed into 24-well plates and incubated for 24 h un-
der either normoxic or hypoxic conditions. After 18 h of
incubation, 250 �l of medium was removed and 250 �l of
fresh DMEM containing 20 �M EdU was added to each
well and mixed to a final concentration of 10 �M. After 6 h
of incubation with EdU, the medium was discarded, cells
were washed with PBS and fixed with 4% paraformalde-
hyde (PFA) in PBS for 15 min. Cells were washed with 3%
bovine serum albumin (BSA) in PBS, permeabilized with
0.5% Triton X-100 in PBS for 20 min and washed again
with 3% BSA in PBS. Fixed cells were then incubated with
the Click-iT reaction cocktail containing Alexa Fluor® 647
azide (diluted 4× in H2O) for 30 min and washed with
3% BSA in PBS. DNA was stained with Hoechst 33342
(5 �g/ml, Sigma Aldrich) for 30 min and then the cover-
slips were washed with PBS, dried briefly and mounted onto
glass slides using ProLong Diamond Antifade Mountant
(Invitrogen).

For the estimation of the doubling times, cells were har-
vested at different time points by trypsinization, mixed 1:1
with Trypan Blue Solution (0.4%, Gibco) and live cells were
counted using an automated cell counter (EVE Automated
Cell Counter, NanoEnTek). Growth curves were plotted
using GraphPad Prism (https://www.graphpad.com), and

https://www.graphpad.com
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doubling times were calculated after applying the exponen-
tial growth fit (Mathusian) of logarithmic cell populations.

RNA fluorescence in situ hybridization and immunofluores-
cence (FISH-IF)

For FISH-IF experiments, 12 mm coverslips were placed in-
side 10 cm plates used for the experiments. After removing
the medium and washing the cells with 1× PBS, the cov-
erslips were transferred to 24-well plates. Cells were fixed
with 4% PFA in PBS for 15 min, washed with PBS and per-
meabilized with 70% ethanol for 1 h. FISH was performed
using Stellaris probes and buffers (LG Biosearch Technolo-
gies) following the manufacturer’s protocol. Coverslips were
washed with Stellaris Wash Buffer A, placed in a humidi-
fied chamber and hybridized for 16 h at 37◦C in the dark
with MALAT1 probes (human MALAT1 with Quasar 670
Dye, BioCat) and mouse SC35 antibody (Abcam) as nu-
clear speckle (NS) markers both diluted 1:100 in Stellaris
Hybridization Buffer. To visualize DNA damage, mouse �-
H2A.X PhosphoSer139 antibody (BioLegend) was used as
a marker at 2 �g/ml final concentration. After hybridiza-
tion, the coverslips were incubated with Stellaris Wash
Buffer A containing the secondary antibody (donkey �-
mouse coupled to Alexa Fluor 555, Abcam) in a 1:500 di-
lution for 30 min at 37◦C. DNA was stained with Hoechst
33342 (Sigma Aldrich) at a final concentration of 5 �g/ml
in Wash Buffer A for 30 min at 37◦C and then the cover-
slips were washed with Wash Buffer B, dried for 15 min and
mounted onto glass slides using ProLong Diamond An-
tifade Mountant (Invitrogen).

Image acquisition and quantification

Images were acquired with a confocal laser-scanning micro-
scope (LSM780; ZEISS) or a Zeiss Cell Observer SD spin-
ning disc microscope, with a Plan-Apochromat 63× 1.4 NA
oil differential interference contrast objective using the Zen
2012 (black edition; 8.0.5.273; ZEISS). Fluorescence signal
was detected with an Argon laser (GFP 488 nm, Qasar 570–
561 nm and Qasar 670–647 nm). Images from the same ex-
periment were acquired on the same day with the same set-
tings for all conditions. Line scans were performed by draw-
ing a straight line across the nucleus, without crossing the
nucleolus. Fluorescence intensity per pixel in the line area
was acquired using the ‘Plot Profile’ tool. Images were ana-
lyzed using Fiji (55). Pictures were cropped with the Image
crop function and scale bars were added. EdU-stained im-
ages were analyzed as follows: for each cell line in each con-
dition, at least 39 images from two independent biological
replicates, each containing between 21 and 59 cells, were an-
alyzed, for a total of at least 1199 cells per cell line per condi-
tion. For each picture, the number of nuclei (Hoechst stain-
ing) and the number of EdU-positive nuclei were counted
and the percentage of EdU-positive nuclei was calculated.
For fluorescence quantification, the Hoechst channel was
used to acquire a threshold image (‘Threshold Li’) and
the ‘Particle analyzer’ plug-in from the Biovoxxel toolbox
(https://imagej.net/BioVoxxel Toolbox) was used to obtain
the nuclear regions of interest (ROIs). ROIs were trans-
ferred to the GFP channel and fluorescence was quantified

using the ‘integrated density value’ (mean gray value per
pixel × area). To count micronuclei, random pictures were
taken until 50–150 cells were imaged in 3–5 biological repli-
cates, and the number of micronuclei per 100 cells was cal-
culated for each replicate. Data were plotted using Graph-
Pad Prism 8 (https://www.graphpad.com), and cell lines and
conditions were compared using a two-tailed unpaired Stu-
dent’s t-test.

Statistical analyses of qPCRs and Western blots

For the visualization and statistical testing of qPCR quan-
tifications, CT values of the gene of interest were normalized
to the CT value of a housekeeping gene (U6 or 18S RNA) re-
sulting in �CT (dCT) values. Next, the mean dCT value for
a reference group was computed (typically Nor or WT-Nor)
and all dCT values were normalized to the mean �CT value
of the reference group, resulting in ��CT (ddCT) values
(corresponding to a log2-transformed FC of a given con-
dition over the reference group). Figures show individual
ddCT data points together with the mean and standard de-
viation (SD) of ddCT values per group.

For the visualization and statistical testing of western blot
quantifications, the mean normalized intensity for a refer-
ence group was computed (Nor). Next, all normalized in-
tensities were normalized to the normalized intensity of the
reference group, leading to ‘relative protein levels’ (corre-
sponds to an FC). Figures show individual data points to-
gether with the mean and SD of the relative protein level per
group.

Statistical tests were performed on the ddCT values
(qPCR) and relative protein levels (western blots). For com-
parisons of more than two conditions (e.g. normoxia and
hypoxia in WT and SRSF6 OE cells), a one-way analysis of
variance (ANOVA) with a Tukey’s honestly significant dif-
ference (HSD) post-hoc test was performed. For compar-
isons including only two conditions, a two-sample Student’s
t-test was performed.

RESULTS

HeLa cells adapt to hypoxia through global exon skipping

To better understand the mechanisms of AS-mediated
adaptation in response to acute hypoxia (24 h; 0.2% O2), we
performed RNA-seq in HeLa cells and analyzed changes in
AS using MAJIQ (42). We found 7178 LSVs that changed
significantly after 24 h of hypoxia [absolute difference in
junction usage (|�PSI|) >5%; Figure 1A]. The majority of
LSVs affected alternative CEs (4238, 59%), which more of-
ten showed increased skipping (62%) (Figure 1B; Supple-
mentary Figure S1A, B). Generally, skipped exons were sig-
nificantly shorter than those that were more included (Fig-
ure 1C). Semi-quantitative RT-PCR experiments validated
nine out of nine splicing events, comprising seven exon skip-
ping and two exon inclusion events (Figure 1D, E, n = 3;
P-value <0.05).

To identify putative regulators of the widespread AS
changes in hypoxia, we used DESeq2 to quantify differ-
ential gene expression (40). We found 7195 protein-coding
and 1298 non-coding genes differentially expressed in hy-
poxia [FDR <0.05, absolute FC (|FC|) >1.5]. While mR-

https://imagej.net/BioVoxxel_Toolbox
https://www.graphpad.com
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Figure 1. HeLa cells adapt to hypoxia through global exon skipping. (A) Pie chart displaying the total number of significantly changing LSVs in hypoxic
(0.2% O2) compared with normoxic (21% O2) HeLa WT cells separated into distinct splice events; n = 3 replicates per condition. (B) Histogram showing
the difference in inclusion junction usage (�PSI) of regulated simple CEs in hypoxic WT cells. Numbers of more or less included exons are shown. (C) Bee
swarm plot comparing the distribution of exon length of simple CEs for less and more included exons. Wilcoxon rank sum test: ****P-value <2.2e-16. (D
and E) Semi-quantitative RT-PCR splicing gels validating seven CEs that were less included (D) and two CEs that were more included (E) under hypoxia.
Alternative CEs are marked in purple. Black arrows above the exons indicate the primer positions. Size markers (in bp) are shown on the left side of each
gel picture. Relative proportions of exon-including isoforms, shown in purple, quantified from three independent experiments. (F) RT–qPCR validation of
changes in SR protein transcript levels (SRSF1-7) after 24 h hypoxia (n = 3). U6 snRNA transcript levels were used for normalization. All data: Student’s
t-test: *P-value <0.05, **P-value <0.01.

NAs showed roughly equal amounts of up- and down-
regulation, non-coding RNAs (ncRNAs) tended to be more
often up-regulated in hypoxia (Supplementary Figure S1C).
Up-regulated genes were enriched in biological processes
such as ‘angiogenesis’ and ‘negative regulation of cell prolif-
eration’, while down-regulated genes were involved in mito-
chondrial gene expression, translation and RNA processing
(Supplementary Figure S1D). In line with global changes
in splicing, ‘RNA splicing’ was among the most down-
regulated biological processes. This was reflected in reduced
levels of several SR proteins (SRSF1, SRSF3, SRSF6,
SRSF7 and SRSF8), while heterogeneous ribonuclear pro-
teins (hnRNPs) remained mostly unchanged (Supplemen-
tary Figure S1E). Quantitative reverse transcription–PCR
(RT–qPCR) confirmed that SRSF3, SRSF6 and SRSF7 lev-
els decreased significantly upon hypoxia, whereas SRSF2
and SRSF4 were increased (Figure 1F). Together, these data

show that hypoxia decreases the expression of specific splic-
ing factors and causes global exon skipping.

SRSF6 levels and splicing activity are strongly reduced under
acute hypoxia

SRSF6 showed the strongest decrease in transcript levels
among all SR protein family members tested (∼4-fold), sug-
gesting that low SRSF6 levels might be partly responsible
for the widespread exon skipping in hypoxia. Indeed, the
consensus binding motif of SRSF6 (GAAGAA) (56,57) was
enriched in hypoxia-skipped exons, while the binding mo-
tif of SRSF1 (GGA) (58) was enriched in exons that were
more included (Figure 2A). In agreement with the down-
regulation of SRSF6 mRNA levels, SRSF6 protein levels
were reduced by 60% after 24 h hypoxia; at the same time,
the relative levels of phosphorylated SRSF6 significantly in-
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Figure 2. SRSF6 levels and splicing activity are strongly reduced under acute hypoxia. (A) Scatter plot comparing hexamer frequencies in exons that are
more or less included after 24 h hypoxia. (B) Representative western blot showing that total SRSF6 protein levels but not those of phosphorylated SRSF6
(pSRSF6) decrease in hypoxia. pSRSF6 was detected using mAb104 antibody. HIF1� was used as hypoxia control, and a stain-free gel is shown as loading
control. (C) Representative confocal fluorescence microscopy images showing the distribution and levels of SRSF6–GFP in normoxic and hypoxic HeLa
cells. SRSF6–GFP signal (green), NSs labeled with �-SC35 (red), nuclear staining with Hoechst (blue) and the merge of all channels are shown. Scale bars
= 5 �m. (D) Quantification of SRSF6–GFP fluorescence intensity in normoxia and hypoxia using Fiji (n >100 cells, two replicates). (E) Line scan profiles
from SRSF6–GFP cells in normoxia and hypoxia. Left: corresponding lines are shown in the micrographs. Right: plots with signal intensity per pixel and
line distance. Red arrows indicate GFP peaks with NS localization.

creased (pSRSF6; Figure 2B; Supplementary Figure S2A,
B). This indicates that the remaining SRSF6 protein is pro-
portionally more phosphorylated under hypoxia, as sug-
gested for other SR proteins (29).

To study the effect of hypoxia on the subcellular local-
ization of SRSF6, we generated a HeLa cell line stably ex-
pressing GFP-tagged SRSF6 at low levels (SRSF6–GFP)
through insertion of a BAC containing the complete SRSF6
gene in the genome (59) (Supplementary Figure S2C). Mir-
roring the endogenous SRSF6 protein, SRSF6–GFP was
also down-regulated in hypoxia (Figures 2C, D and 6A).
MS analysis of SRSF6–GFP purified from normoxic and
hypoxic cells confirmed that peptides from its RS domain
were more often phosphorylated in hypoxia (1.2 versus
0.70 phospho sites/peptide; Supplementary Figure S2D, E).
Residual SRSF6–GFP was exclusively detectable in NSs,
where phosphorylated SR proteins are normally stored in
their inactive form (60) (Figure 2E). These data suggest that
the splicing functions of SRSF6 are impaired under hypoxia
through a combination of reduced transcript and protein
levels and enhanced phosphorylation, which, based on re-
cent studies, is expected to promote skipping of SRSF6 tar-
get exons (36,56).

Reduction of SRSF6 levels in hypoxia requires the inclusion
of a poison cassette exon

Increased SRSF6 expression in different cancer types is as-
sociated with poor prognosis (31,32,34). Thus, understand-
ing the mechanisms by which SRSF6 activity is modu-
lated in hypoxic conditions could be of therapeutic inter-
est. To test whether SRSF6 levels are regulated at the tran-
scriptional level, we treated HeLa cells with CoCl2, which
stabilizes HIF1� and HIF2� and thereby mimics the hy-
poxic transcriptional response (61). CoCl2 treatment for 24
h did not change SRSF6 transcript, protein or phospho-
rylation levels (Supplementary Figure S3A–D), suggesting
that SRSF6 transcript levels are not reduced by transcrip-
tional outcompetition by HIF1� or HIF2� (62). SRSF6 re-
duction was also not rescued by inhibiting the proteasome
(Supplementary Figure S3E), excluding a down-regulation
of SRSF6 levels via enhanced protein degradation.

MAJIQ analyses indicated that exon 3 of SRSF6
was ∼3-fold more included in hypoxia (Figure 3A, B).
SRSF3, which was similarly down-regulated in hypoxia,
also showed more inclusion of exon 4 (Supplementary Fig-
ure S3F). Both exons are so-called PCEs that contain pre-
mature termination codons (PTCs). PTC-containing tran-
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Figure 3. Reduction of SRSF6 levels in hypoxia requires the inclusion of a PCE. (A) Sashimi plot showing the distribution of RNA-seq reads on the SRSF6
gene from HeLa cells cultured under normoxia and hypoxia (24 h). Splice junction read counts are given as a percentage of the total junction read counts.
(B) Semi-quantitative RT-PCR splicing gels comparing the inclusion of SRSF6 exon 3 (PCE) in normoxia and hypoxia, and after CHX treatment. Exon 3
is marked in purple. Black arrows above the exons indicate the primer positions. Relative proportions of the PCE-included isoform, shown in purple, were
quantified from n = 3 experiments. (C) RT–qPCR quantifying SRSF6-PCE inclusion in WT and SRSF6 OE cells in normoxia and hypoxia relative to WT
cells in normoxia. (D) RT–qPCR comparing the levels of SRSF6 mRNA in hypoxia in WT and three SRSF6�PCE clones; n = 3. Levels are shown relative
to WT cells in the same condition. U6 RNA was used as housekeeping gene. (E) Western blot comparing the levels of total SRSF6 protein in hypoxia in
WT and three SRSF6�PCE clones. HIF1� was used as hypoxia control, and stain-free membrane images were used as loading controls.

scripts are usually degraded rapidly by NMD (63). Accord-
ingly, in normoxic cells, the levels of both SRSF6-PCE and
SRSF3-PCE isoforms strongly increased after CHX treat-
ment, which inhibits NMD (Figure 3B; Supplementary Fig-
ure S3G). In contrast, both PCE isoforms were already de-
tectable in hypoxia, and NMD inhibition had no further
stabilizing effect (Figure 3B; Supplementary Figure S3G).
This suggests that NMD is impaired in hypoxia as proposed
in earlier reports (64), and that the PCE isoforms are not de-
graded via this route. Nonetheless, their increased produc-
tion reduces the levels of the translatable SRSF6 isoforms.
CoCl2 treatment (24 h) did not induce PCE isoforms and
here SRSF6 mRNA and protein levels remained constant
(Supplementary Figure S3B, D, H).

To test whether PCE inclusion causes SRSF6 reduction
in hypoxia, we removed the 3′ splice site of the intron im-
mediately upstream of the PCE from the genomic locus of
SRSF6 by CRISPR/Cas9 genome editing (SRSF6�PCE;
Supplementary Figure S3I). Successful editing was vali-
dated by PCR and sequencing (Supplementary Figure S3J).
RT–qPCR confirmed that SRSF6 was no longer down-
regulated in hypoxia in three homozygous SRSF6�PCE
clones, all showing 2- to 3-fold higher SRSF6 transcript lev-
els than WT cells in hypoxia (Figure 3D). The PCE was no
longer included in the SRSF6�PCE clones in hypoxia (Sup-
plementary Figure S3K) and, importantly, SRSF6 protein
levels were not reduced (Figure 3E). Altogether, these data
argue that SRSF6 reduction in hypoxia requires inclusion
of the PCE.

SRSF4 regulates SRSF6 levels through PCE inclusion

PCE inclusion is usually promoted by the binding of SR
proteins 30–60 nt downstream of the 3′ splice site (65,66).
iCLIP data comparing seven SR proteins in normoxia
(56,57) showed that after SRSF6, SRSF4 was the second
most prominent binder to the SRSF6 PCE (Figure 4A).
This suggests that SRSF6 and SRSF4 might both regu-
late PCE inclusion and SRSF6 reduction in hypoxia. To
test this, we generated and sorted HeLa cells for SRSF4–
GFP and SRSF6–GFP overexpression (SRSF4 OE, ∼2-
fold; SRSF6 OE, ∼4-fold; Figure 4B). Although SRSF6–
GFP levels were reduced to a similar extent to endogenous
SRSF6 in hypoxia, SRSF6 OE cells still expressed ∼3 times
more SRSF6 protein than WT cells in hypoxia (Supplemen-
tary Figure S4A).

SRSF6 and SRSF4 OE both reduced endogenous SRSF6
protein levels in normoxia (Figure 4B), which were further
reduced in hypoxia and accompanied by an increase in PCE
inclusion (Figure 3C, 4C). Together with the iCLIP data,
this suggests that in addition to SRSF6 autoregulation, in-
creased SRSF4 levels in hypoxia (Figure 1F) directly down-
regulate SRSF6 levels via inclusion of the SRSF6 PCE.

To assess whether this mechanism might also exist in tu-
mors, we analyzed SRSF4 and SRSF6 expression levels as
well as PCE inclusion in tumor samples from six TCGA
(The Cancer Genome Atlas) cohorts. Of note, SRSF4 and
SRSF6 levels were significantly anti-correlated in BRCA,
COAD and STAD (Figure 4D, top). Moreover, SRSF4 lev-
els positively correlated with PCE inclusion in all cancer
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Figure 4. SRSF4 regulates SRSF6 levels through PCE inclusion. (A) Genome browser shot showing normalized cross-link distribution of seven SR proteins
on the SRSF6 gene taken from (57). The PCE is labeled in violet and highlighted in gray. (B) Representative western blot of WT, SRSF4 OE and SRSF6 OE
cell lines grown in normoxia or hypoxia (4 h and 24 h). Total SRSF4 and SRSF6 protein levels were detected using �-SRSF4 and �-SRSF6 antibodies. The
asterisk indicates an unspecific signal. HIF1� is shown as a control for successful hypoxia treatment. Tubulin was used as loading control. (C) RT–qPCR
quantifying SRSF6-PCE inclusion in WT, SRSF6 OE and SRSF4 OE cells in hypoxia relative to normoxia. (D) Pairwise correlations of normalized SRSF4
expression, SRSF6 expression and SRSF6-PCE inclusion levels for tumor samples from six TCGA cancer cohorts. BRCA, breast invasive carcinoma;
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hepatocellular carcinoma; STAD, stomach adenocarcinoma. (E) SRSF4 and SRSF6 expression levels in BRCA, CESC and LIHC tumor samples binned
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types except COAD (Figure 4D, middle row). As controls,
we analyzed SRSF2 and SRSF5, which also bind to the
SRSF6 PCE, but less frequently (Figure 4A). SRSF2 levels
correlated positively only in LIHC and SRSF5 levels only
in BRCA and CESC (Supplementary Figure S4B). Incor-
poration of published hypoxia scores (53) for BRCA, CESC
and LIHC tumor samples confirmed that SRSF4 levels pos-
itively correlated with high hypoxia scores while SRSF6 lev-
els negatively correlated (Figure 4E; Supplementary Figure
S4C). Moreover, when BRCA tumor samples were sepa-
rated by subtype, the most severe basal subtype, which was
most hypoxic, was associated with the lowest SRSF6 but
highest SRSF4 levels (Supplementary Figure S4D, E). Al-

together, these data suggest that high SRSF4 levels in hy-
poxic cancer types may also reduce SRSF6 levels via PCE
inclusion.

Maintaining high SRSF6 levels in hypoxia impairs exon skip-
ping

To test whether reduced SRSF6 levels are important for hy-
poxia adaptation, we investigated the impact of continued
SRSF6 overexpression. We performed RNA-seq and MA-
JIQ analyses from SRSF6 OE cells to determine the splic-
ing changes between normoxia and 24 h hypoxia. In gen-
eral, SRSF6 OE cells exhibited more splicing changes com-
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pared with the WT in hypoxia (9622 versus 7178 signifi-
cantly changing LSVs, Figures 1A and 5A), and the pro-
portion of regulated CEs was even higher than in WT cells
(68% versus 59%). However, the fraction of skipped exons
in hypoxia among regulated CEs was clearly reduced in
SRSF6 OE cells compared with WT cells (53% versus 62%),
suggesting that exon skipping might be impaired (Figures
1B and 5B). Indeed, of 1701 down-regulated LSVs iden-
tified in WT cells, 1150 were not regulated in SRSF6 OE
cells (71.3%) and 62 were even up-regulated (Figure 5C–
E; Supplementary Figure S5A). Moreover, of 3044 unreg-
ulated LSVs in WT cells, 1526 were more included (50.1%)
in SRSF6 OE.

SRSF6 OE also impaired the formation of circRNAs in
hypoxia, which is usually promoted by low levels of splic-
ing factors and exon skipping (67,68). Our new circRNA
pipeline Calcifer (Brezski et al., manuscript in preparation)
identified 2428 circRNAs in WT HeLa cells, of which 31
were significantly up-regulated in hypoxia (Supplementary
Figure S5B). Strikingly, in SRSF6 OE cells, only 23 of
the 2428 circRNAs could still be detected (among a total
of only 138 detected circRNAs in SRSF6 OE cells) and
none of them was up-regulated in hypoxia (Supplementary
Figure S5B), suggesting that SRSF6 OE suppresses back-
splicing. In line with this, of 13 circRNAs that we had val-
idated as circular in our previous study (17), six increased
after SRSF6 KD in normoxia (Supplementary Figure S5C).

To assess whether SRSF6 OE attenuates exon skipping
and circularization in hypoxia, we selected from our WT
dataset six exon skipping events and three hypoxia-induced
circRNAs. Except for CSPP1 exon 5, all selected skipped
or circularized exons contained numerous SRSF6-binding
motifs (GAA; Supplementary Figure S5D, E). RT-PCR
confirmed the skipping of those exons under normoxia,
their increased skipping under hypoxia and, in all cases, the
attenuation of their hypoxia-driven skipping in SRSF6 OE
cells. Strikingly, skipping of those exons was also attenuated
in �PCE cells, except for CSPP1 exon 5 (Figure 5F; Supple-
mentary Figure S5F). Similarly, the formation of circRTN4
and circPLOD2, but not of circMAN1A2, was attenuated in
SRSF6 OE cells (Supplementary Figure S5G).

Together, these observations suggest that deregulated,
high levels of SRSF6 in hypoxia promote the inclusion of
specific target exons into mature transcripts and prevent
exon skipping and circularization. The reduction of SRSF6
in hypoxia thus appears crucial to allow for AS and back-
splicing to generate splice isoforms that could play roles in
the adaptation to hypoxia.

SRSF6 binding to 3′ splice sites is reduced in hypoxia

To further investigate the regulatory mechanism of SRSF6-
mediated AS in hypoxia, we performed iCLIP (69). Low
SRSF6–GFP-expressing cells were grown under normoxic
and hypoxic conditions (4 h and 24 h, 0.2% O2) and iCLIP
libraries were prepared in three replicates (Figure 6A;, Sup-
plementary Figure S6A). The earlier time point of 4 h
was chosen to compare the binding of SRSF6 to hypoxia-
induced transcripts, since HIF1� levels are maximal at this
point, while SRSF6 levels are not yet reduced (Figure 6A).
iCLIP reads were processed according to (47) to obtain

unique SRSF6 cross-link events. Peak calling (49) on the
cross-link events from pooled replicates and stringent filter-
ing identified 18 956 reproducible SRSF6-binding sites (7 nt
width) in 3145 target genes.

A total of 85.6% (16 234) of the binding sites mapped to
protein-coding genes, where binding was most enriched in
CDSs (Supplementary Figure S6B, C). A purine-rich con-
sensus binding motif (GAAGAA) emerged from the CDS
regions (Figure 6C; Supplementary Figure S6D), which was
highly similar to that obtained in mouse P19 cells and hu-
man pancreatic �-cells (56,57). However, within intronic se-
quences, the SRSF6-binding motif was enriched in uridines,
suggesting that SRSF6 also binds to polypyrimidine tracts
(Figure 6C; Supplementary Figure S6D). SR proteins nor-
mally promote splicing through binding to exonic splic-
ing enhancer (ESE) sequences, but they can also inhibit
the inclusion of alternative exons through binding to in-
tronic splicing silencer (ISS) sequences (70,71). Indeed, a
pronounced peak of SRSF6 binding was visible in introns,
12–13 nt upstream of 3′ splice sites of CEs that are skipped
in hypoxia in SRSF6 OE cells (Figure 6D, red arrows). This
intronic peak was not visible in more included exons and
was strongly reduced at 24 h hypoxia, while SRSF6 binding
to the exons flanking those CEs did not change. A similar
peak disappearing in hypoxia was visible at 3′ splice sites of
downstream exons (Figure 6D, red arrows). SRSF6 bound
generally more in skipped compared with more included ex-
ons, and binding decreased after 24 h of hypoxia (Figure 6D,
blue arrows). Similar hypoxia-sensitive peaks were observed
at exons, which are exclusively regulated in SRSF6 OE cells
(not in the WT; Supplementary Figure S6E). When we
mapped cross-link events on CEs whose skipping/inclusion
was attenuated in SRSF6 OE cells (Figure 5D), no clear dif-
ference in binding between skipped and more included ex-
ons or between normoxia and hypoxia was observed (Sup-
plementary Figure S6F). Regulated minigenes more of-
ten contain SRSF6-binding sites than non-regulated mini-
genes, and also show higher binding site numbers. However,
only 23% of all regulated minigenes contain SRSF6-binding
sites. Similarly, of the eight validated attenuated skipped ex-
ons and circRNAs, only two––BORA exon 3 and MDM4
exon 6––showed a clear difference in SRSF6 binding be-
tween normoxia and hypoxia (Supplementary Figure S7B,
C).

Altogether our data suggest that SRSF6 promotes inclu-
sion of alternative exons in normoxia by binding directly
to the alternative exons or upstream of 3′ splice sites. Both
SRSF6 binding modes are reduced in hypoxia, which may
contribute to the observed skipping of the alternative exons
in hypoxia. However, only a small fraction of all skipped
exons showed reduced SRSF6 binding in hypoxia, thus ad-
ditional mechanisms and factors must contribute to global
exon skipping in hypoxia.

SRSF6 down-regulation in hypoxia causes nuclear speckle
dispersal

Beside its role in AS regulation, SRSF6 is also a core pro-
tein of NSs (72). Interestingly, NSs disperse during hy-
poxia (Figure 7A, B; Supplementary Figure S8A). Using
the markers SC35 and SRRM2 in immunofluorescence ex-
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Figure 5. Maintaining high SRSF6 levels in hypoxia impairs exon skipping. (A) Pie chart displaying the total number of significantly regulated LSVs
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normoxic and hypoxic conditions (24 h). NSs were labeled with �-SRRM2 (magenta). (E) Boxplot showing the density of normalized SRSF6 cross-link
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Alternative CAs are labeled in green; n = 3 independent experiments. All data: Student’s t-test: *P-value <0.05, **P-value <0.01, ***P-value <0.001. Scale
bars = 5 �m.
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Figure 8. Maintaining high levels of SRSF6 in hypoxia suppresses the stress response and causes genomic instability. (A) Heatmap and box plots comparing
the differential gene regulation in hypoxia between WT and SRSF6 OE cells. Clusters defined by k-means clustering (k = 8). Outer violin plots and inner
box plots show the distribution of log2-fold changes (Hyp/Nor) and mean z-scores, respectively, within each cluster. (B) Western blot comparing the levels
of HIF1�, the HIF1�-regulated protein BNIP3, SRSF6 and SRSF6–GFP in WT and SRSF6 OE cells in normoxia and hypoxia (24 h). (C) Fluorescence
microscopy images of SRSF6 OE cells in normoxia and hypoxia (24 h) showing increased formation of micronuclei (white arrows). GFP, green; Hoechst,
blue, and gray in the single-channel picture. (D) Number of micronuclei per 100 cells comparing WT, SRSF6 OE, SRSF4 OE and SRSF6�PCE cells in
normoxia and hypoxia; n = 4 (>100 cells/experiment). (E) Representative IF microscopy images comparing NS dispersal and stress granule occurrence in
WT, SRSF6 OE and SRSF6�PCE cells between normoxic and hypoxic conditions (24 h). NSs were labeled with �-SRRM2 (magenta), and stress granules
with �-G3BP1 (yellow). All data: Student’s t-test, *P-value <0.05, **P-value <0.01, ***P-value <0.001. Scale bars = 5 �m.
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A B C

Figure 9. Model of hypoxia regulation by SRSF6 and SRSF4. (A) Normoxia: normal levels of SRSF6 and low levels of SRSF4 promote splicing of the
protein-coding isoform of SRSF6 and inclusion of alternative exons, either by binding directly to alternative exons and to 3′ splice sites or by preserving
nuclear speckles. (B) Hypoxia: SRSF4 is up-regulated and SRSF6 is down-regulated in hypoxia. High SRSF4 levels promotes inclusion of the SRSF6 PCE,
which decreases the levels of coding SRSF6 transcripts and SRSF6 protein. Low SRSF6 levels promote exon skipping, either through reduced binding
to target exons or through the dispersal of nuclear speckles. This results in the release of splicing factors, such as SRSF1, and MALAT1, which can now
bind to strong splice sites and promote exon skipping. (C) Hypoxia and SRSF6 OE/�PCE: high SRSF6 levels in hypoxia, either through SRSF6 OE or
by preventing PCE inclusion counteract exon skipping by binding to target exons and by impairing nuclear speckle dispersal, which sequesters splicing
factors and MALAT1. This leads to the suppression of the stress response and the proliferation of cells with DNA damage, which leads to errors in cell
division and micronuclei formation.

periments, NSs looked smaller and more numerous or com-
pletely disappeared in hypoxia in WT and SRSF4 OE cells,
where SRSF6 levels are low. However, NS dispersal was
not observed after CoCl2 treatment (Supplementary Figure
S8B, C), where SRSF6 levels remain unchanged (Supple-
mentary Figure S3A–D), and it was also strongly reduced
in SRSF6 OE or SRSF6�PCE cells, where SRSF6 levels re-
main high in hypoxia (Figure 7C, D). These data strongly
suggest that SRSF6 reduction in hypoxia is required for
NS dispersal. SRSF6 reduction and NS dispersal under hy-
poxia should increase the availability of splicing factors in
the nucleoplasm. Uncontrolled binding and activation of
strong splice sites should in turn disfavor the recognition
of alternative exons with weak splice sites (72,73) and thus
contribute to the observed exon skipping in hypoxia.

NS dispersal should also affect the mobility of the long
non-coding RNA (lncRNA) MALAT1, which resides in
these condensates (74). According to our iCLIP data,
MALAT1 was the transcript with the highest binding den-
sity of SRSF6, which further increased in hypoxia (Figure
7E, F). SRSF6 densely coated MALAT1 along its entire
length, supporting a direct role for SRSF6 in tethering this
lncRNA to NSs (Figure 7F). The levels of MALAT1 in-
creased in hypoxia and the lncRNA was detectable in NSs
and in the nucleoplasm when SRSF6 levels were low (Sup-
plementary Figure S8D, F, G). In contrast, in SRSF6 OE
cells, MALAT1 was exclusively detectable in NSs, where it
completely co-localized with SRSF6 and the NS marker
SC35 (Figure 7G; Supplementary Figure S8G, H). This sug-
gests that down-regulation of SRSF6 and NS dispersal in
hypoxia increase the nuclear mobility of MALAT1.

To test this further, we quantified the extractability of
MALAT1, which correlates with the extent of sequestra-
tion in NSs or in other phase-separated biomolecular con-
densates (75,76). To do this, we pre-heated cell lysates in
Trizol (10 min at 55◦C) to strip-off all bound proteins (75)
prior to RNA extraction. MALAT1 was indeed much less
extractable without heat treatment in hypoxic SRSF6 OE
cells (2.8-fold increase in heat-treated versus control sam-
ples) compared with WT cells, where MALAT1 was almost
fully extractable without heat treatment (1.2-fold increase,
Figure 7H). In line with SRSF6 regulating MALAT1 ex-
tractability, SRSF6 knockdown led to an apparent increase
in MALAT1 levels in normoxia similar to its increase in hy-
poxia (Supplementary Figure S8D, E). In contrast, SRSF6
OE attenuated the apparent MALAT1 levels in hypoxia
(Supplementary Figure S8D, G). Our data suggest that high
levels of SRSF6 in hypoxia prevent NS dispersal and global
exon skipping, and decrease the extractability and nuclear
mobility of MALAT1.

To test whether hypoxia-mediated SRSF6 reduction and
NS dispersal also occur in non-cancerous cells, we subjected
HUVECs to 24 h of hypoxia (0.2% O2). SRSF6 mRNA
levels were ∼5-fold decreased in hypoxia (Figure 7I), sim-
ilar to HeLa cells, and SRSF6 protein levels were reduced
by ∼50% (Supplementary Figure S8I). NSs were also dis-
persed in hypoxia (Figure 7J), and MALAT1 was fully ex-
tractable in this condition (Figure 7K). In contrast, in nor-
moxia, MALAT1 was 3.4-fold less extractable (Figure 7K).
Out of six tested splicing targets, three showed the same
splicing pattern as in HeLa cells in hypoxia (Figure 7L) and
MALAT1 levels also increased (Figure 7I). This suggests
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that the acute hypoxia response mediated by SRSF6 reduc-
tion is conserved in HeLa cells and HUVECs, but the out-
come of AS might be cell type specific and probably depends
on the transcriptome and the interplay of SRSF6 with other
splicing-regulatory proteins (10,17).

Altogether, our data suggest that the reduction of SRSF6
in hypoxia allows NS dispersal, which results in the release
of stored splicing factors including MALAT1. This pro-
motes exon skipping and AS of stress-relevant genes and
provides an additional layer of SRSF6-mediated gene regu-
lation during hypoxic stress beyond its direct impact on AS.

Maintaining high levels of SRSF6 in hypoxia suppresses the
stress response, and causes DNA damage and genomic insta-
bility

To assess the impact of high SRSF6 levels in hypoxia
on cell survival and adaptation, we performed differen-
tial gene expression analyses. Interestingly, SRSF6 OE cells
showed fewer differentially expressed genes (DEGs) in hy-
poxia compared with WT cells (582 down, 1409 up), sug-
gesting that the hypoxia response is partially suppressed
in SRSF6 OE cells. Clustering of gene expression pat-
terns across conditions identified several clusters of DEGs
in which the hypoxia-induced up- or down-regulation ob-
served in WT cells was attenuated in SRSF6 OE cells (Fig-
ure 8A). Attenuated biological processes included ‘response
to oxygen’ and ‘cellular response to DNA damage’ and
‘regulation of the stress response’ (Supplementary Figure
S9A). Indeed, the levels of HIF1� and the HIF1�-induced
protein BNIP3 (77) were lower in SRSF6 OE cells com-
pared with WT cells under hypoxia (Figure 8B). Consistent
with a suppressed DNA damage response, SRSF6 OE cells
showed large foci stained for phosphorylated Ser139 of hi-
stone H2AX (pH2AX), a marker for DNA double-strand
breaks (Supplementary Figure S9B). SRSF6 OE cells also
displayed significantly higher numbers of micronuclei com-
pared with the WT under hypoxia (Figure 8C, D), which are
indicators of chromosomal instability in cells with damaged
DNA (78). Importantly, PCE inactivation in the SRSF6
gene elicited the same chromosomal instability phenotype
(Figure 8C, D). Conversely, SRSF4 OE completely pre-
vented formation of micronuclei, in line with the strongest
down-regulation of SRSF6 levels in hypoxic conditions in
these cells. Interestingly, stress granules, which were clearly
visible in hypoxia in WT cells, were completely suppressed
in SRSF6 OE and �PCE cells, in line with an inhibition
of the general stress response by high SRSF6 levels (Figure
8E).

Other processes that no longer responded to hypoxia in
SRSF6 OE cells were ‘cell cycle’, ‘cell migration’ and ‘neg-
ative regulation of cell proliferation’ (Supplementary Fig-
ure S9A). Proliferation assays using EdU confirmed that
SRSF6 OE cells replicated slightly faster than WT cells un-
der hypoxia (Supplementary Figure S9C, D).

Thus, SRSF6 OE fundamentally disturbs the hypoxia re-
sponse of a large number of hypoxia-regulated genes [3120
out of 4410 (71%) DEGs in hypoxic WT cells] by either
attenuation or enhancement. Altogether, our data suggest
that deregulated, high levels of SRSF6 in hypoxia due to im-
paired PCE inclusion suppress general stress response path-

ways and lead to higher proliferation and genomic instabil-
ity under extended periods of hypoxia.

DISCUSSION

Hypoxia induces massive changes in gene expression, in-
cluding AS and circRNA formation, to allow cells to adapt
to the lack of oxygen (8–13,16,17,79). In normal cells, the
hypoxia response serves to sustain viability, to repair asso-
ciated damage and to restore cellular homeostasis. In tumor
cells, hypoxia-induced AS also plays clear roles in metastatic
progression and was shown to activate oncogenes, inactivate
tumor suppressors, enhance proliferation and angiogenesis,
evade programmed cell death, modulate the immune and in-
flammatory response, and cause adaptive metabolic repro-
gramming, EMT, invasion and genetic instability [reviewed
in (14)].

Few proteins have been characterized as hypoxia-related
splicing regulators, and the underlying mechanisms are of-
ten not understood (18). Here, we identify the SR protein
SRSF6 as a key factor that controls the adaptive AS re-
sponse in hypoxia (Figure 9). Using HeLa cells, we show
here that SRSF6 activities are reduced in acute hypoxia
through a reduction of total protein levels and enhanced
SRSF6 phosphorylation. The former is achieved through
the inclusion of a PCE in its own transcript at the expense of
the protein-coding SRSF6 isoform. PCE inclusion is mainly
promoted by SRSF4, whose levels and activity increase in
hypoxia, and SRSF6 itself, which both bind massively to
the PCE. Our data suggest that SRSF6 inactivation in hy-
poxia serves a dual purpose: (i) it allows for skipping of
direct SRSF6 target exons and splicing of specific circR-
NAs, which may fulfill specific functions in hypoxia adap-
tation; and (ii) it causes the dispersal of NSs during hy-
poxia, which releases stored splicing factors and is expected
to cause global changes in gene expression and splicing as
is observed in hypoxia.

NSs are scaffolded by SRRM2 and SON, but NS cohe-
sion is provided through many RBPs containing arginine-
rich mixed-charge domains, such as RS domains (80,81).
Phosphorylation of serine residues in RS domains increases
their negative charge and reduces NS cohesion. Accord-
ingly, NS dispersal can be induced by overexpressing the
SR protein kinase CLK1 (80,82), and this was shown to en-
hance the splicing of specific introns (82). We propose that
NS dispersal in hypoxia is essential to reprogram gene ex-
pression and adapt to this stress condition. SRSF6 proba-
bly plays a central role in NS cohesion because (i) it has a
long RS domain and is found in the core of nuclear speck-
les, (ii) its levels are reduced in hypoxia and residual SRSF6
is proportionally more phoshorylated and (iii) maintaining
high SRSF6 levels in hypoxia, either by overexpression or
by removing the 3′ splice site of its PCE, severely impairs
NS dispersal and profoundly disturbs the hypoxia adap-
tion program; it prevents exon skipping and circRNA for-
mation, attenuates the expression of many genes and se-
questers MALAT1 in these condensates. As a consequence,
stress responses and check points are impaired and DNA
damage accumulates, promoting chromosomal instability,
which is a hallmark of metastatic progression of tumor
cells (14,83–85). In line with this, colorectal, skin, lung
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and breast cancer show aberrantly high levels of SRSF6,
and this was demonstrated to promote proliferation, eva-
sion of cell death, tumor progression, EMT and metastasis
(31–34,86).

Thousands of transcripts are alternatively spliced in hy-
poxia, but their identity depends on the cell type (10,17).
In hypoxic HeLa cells, the most commonly occurring type
of AS event was the splicing of alternative CEs, similar
to observations with Hep3B cells (13). We have identified
and validated several novel hypoxia-induced splicing events.
For instance, hypoxia leads to skipping of exons 3 and 4
in BORA, which would generate a BORA protein isoform
that lacks 50 amino acids near the N-terminus (�aa112–
162). BORA is a cell cycle regulator with important func-
tions in cell cycle progression after mitotic arrest due to
the DNA damage response (87). Mutations in BORA that
impair its phosphorylation were shown to inhibit its activ-
ity and cause cell cycle arrest (88). Similarly, skipping of
exon 6 in MDM4 generates the shorter isoform MDM4-
S in hypoxia, resulting in a protein variant with increased
activity towards repressing the tumor suppressor p53 (89).
MDM4-S is often up-regulated in cancer cells as a mech-
anism to inactivate apoptosis signaling pathways. MDM4
was also shown to promote DNA replication, inhibit the ki-
nase mTOR and maintain genome stability in p53-deficient
cancer cells (90–92). In another example, exon skipping in
CHAF1A leads to the formation of a protein isoform that
lacks the histone interaction domain and thus should im-
pair the DNA damage response and chromatin assembly in
hypoxia (93). Hypoxia also changes the splicing of SNAP25.
The encoded SNAP25 protein plays a role in synaptic vesi-
cle trafficking (94) and is needed for the uptake of anti-
angiogenic and pro-apoptotic proteins through endosomes
in endothelial cells (95), which might be used by cancer
cells as well. AS in hypoxia increases the SNAP25b iso-
form, which is protein coding but has a negative effect on
the function of SNAP25a (94). In all described cases, exon
skipping requires low SRSF6 levels, highlighting the impor-
tance of SRSF6 reduction as an additional layer of hypoxia
adaptation.

Interestingly, hypoxia also promotes inclusion of exon 4
in the SR protein kinase CLK1 transcript, which leads to
elevated levels of full-length CLK1 (29). Enhanced CLK1
levels were shown to cause dispersal of NSs (69). Our data
suggest that SRSF6 binds strongly to exon 4 in hypoxia but
SRSF6 OE attenuates exon 4 inclusion in hypoxia. This at-
tenuation may contribute to the observed impairment of NS
dispersal.

SRSF6 PCE inclusion in hypoxia was recently reported
in pancreatic cancer organoids and proposed to be HIF1
dependent (96). Our data suggest that SRSF6 PCE splicing
is independent of HIF1 stabilization and rather depends on
the general hypoxia stress response, including phosphoryla-
tion of SRSF6. A recent genome-wide CRISPR screen iden-
tified the SRSF6 PCE among a subset of ultraconserved
PCEs with clinically relevant tumor suppressor activities
(97). We propose that the ultraconserved PCE of SRSF6
acts as tumor suppressor and that its inclusion in hypoxia
is crucial to reduce SRSF6 levels, which may prevent tumor
cells from entering the metastatic route of hypoxia adapta-
tion.
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