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ABSTRACT
Recently, by combining transcriptomics with functional splicing reporter assays we were able to identify 
GT > GC > TT as the three highest ranked dinucleotides of human 5ʹ splice sites (5’ss). Here, we have 
extended our investigations to the proteomic characterization of nuclear proteins that bind to canonical 
and noncanonical 5’ss. Surprisingly, we found that U1 snRNP binding to functional 5’ss sequences 
prevented components of the DNA damage response (DDR) from binding to the RNA, suggesting 
a close link between spliceosome arrangement and genome stability.

We demonstrate that all tested noncanonical 5’ss sequences are bona-fide targets of the U2-type 
spliceosome and are bound by U1 snRNP, including U1-C, in the presence of splicing enhancers. The 
quantity of precipitated U1-C protein was similar for all noncanonical 5’ss dinucleotides, so that the 
highly different 5’ss usage was likely due to a later step after early U1 snRNP binding.

In addition, we show that an internal GT at positions +5/+6 can be advantageous for splicing at 
position +1 of noncanonical splice sites. Likewise, and in agreement with previous observations, splicing 
inactive U1 snRNP binding sites could serve as splicing enhancers, which may also explain the higher 
abundance of U1 snRNPs compared to other U snRNPs. Finally, we observe that an arginine-serine (RS)- 
rich domain recruitment to stem loop I of the U1 snRNA is functionally sufficient to promote exon- 
definition and upstream 3’ss activation.
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Introduction

Alternative splicing enables the expression of tailored cellular 
proteomes from an identical repertoire of protein-coding genes 
[1]. Introns are in general removed from pre-mRNA by the 
major or U2-type spliceosome that consists of five uracil-rich 
small ribonucleoprotein particles (the U1, U2 and U4/U6.U5 tri- 
snRNP) and a rich repertoire of auxiliary proteins [2,3]. 
Spliceosomes recognize conserved sequence elements at the 
exon/intron boundaries, termed splice sites (ss) and the vast 
majority of the U2-type introns is flanked by GT-AG dinucleo
tides. However, at least approximately 0.9% of all human U2- 
type introns contain 5’ss with a GC dinucleotide at position +1/ 
+2 [4]. In line with this, a recent study showed that GT > GC 
mutations not necessarily impair splicing [5]. Another rare class 
of introns (approximately 0.4%) is removed by the minor U12- 
type spliceosome [6–8]. Most of these introns are as well flanked 
by GT-AG dinucleotides, but some also exhibit AT-AC dinu
cleotides at the exon/intron borders. Finally, for physiological 
[9–11] and pathological 5’ss mutations [12–14] so-called non
canonical dinucleotides, i.e. other than the canonical GT or the 
non-canonical GC, were described.

Canonical 5’ss recognition was shown to be under combi
natorial control of splicing regulatory elements (SREs) and the 
extent of sequence complementarity to the 5ʹ-end of the U1 

snRNA [15]. SREs can act positively (as enhancer) or nega
tively (as silencer) on splice site use and are predominantly 
bound by members of the SR or hnRNP protein family [16]. 
SR proteins were shown to facilitate U1 snRNP binding 
through their RS domain forming physical contacts with the 
RS domain of the U1 snRNP specific protein U1-70k [17]. 
Yet, it remains largely undefined whether noncanonical 5’ss 
are recognized by components of the U2- or U12-type spli
ceosome. Accordingly, there is also lack of clarity about the 
principles underlying noncanonical 5’ss usage, although pre
vious work by us and others rather implies that noncanonical 
5’ss are substrates of the U2-type spliceosome. However, the 
importance of gaining a deeper understanding of canonical 
and noncanonical 5’ss usage becomes clear when looking at 
the continuously growing list of pathological 5’ss [13] and U1 
snRNA mutations [18,19] that are associated with disease.

In this study, we show that noncanonical 5’ss are primarily 
targeted by the U1 snRNP of the U2-type spliceosome. We 
demonstrate that recognition of noncanonical 5’ss by the U1 
snRNP relies on strong splicing enhancers in their neighbour
hood and functional basepairing interactions with the 5ʹ-end 
of the U1 snRNA even more than their canonical counter
parts. Finally, and in agreement with previous observations 
[20–22], we demonstrate that U1 snRNP can act as a splicing 
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enhancer when located outside of the actual U1 snRNA bind
ing location.

Material and methods

Oligonucleotides

Oligonucleotides were obtained from Metabion GmbH. 
Primers used for cloning, RT PCR analyses and RNA 
in vitro binding assays are listed in Table S1.

Plasmids

All SV-env/eGFP plasmids were cloned by substitution of the 
SacI/NdeI fragment with PCR products using appropriate 
forward primer and primer #640 as a reverse primer. They 
are either listed in Table S1 or have been described previously 
[23] . Also, proviral HIV plasmids were constructed as 
described previously [24]. U1 snRNA expression plasmids 
were constructed by insertion of a PCR product amplified 
with an appropriate forward primer and #3926 as a reverse 
primer, containing BglII and XhoI restriction sites into the 
template pUCBU1 (kindly provided by Alan M. Weiner) 
resulting in pUCBΔU1 [25]. Cloning of pUCBU1αD3 
(+1G>C) was described elsewhere [24]. For cloning of 
pUCBU1 αD3 (+1G>C), SLII>MS2, the BclI/XhoI fragment 
of pUCBU1 αD3 (+1G>C) was replaced by a PCR product 
using primer pair #4391/#3926.

Cell culture and nucleic acid transfections

HEK 293 T cells were maintained in DMEM (Invitrogen) 
supplemented with 10% foetal calf serum (FCS) and 50 µg/ 
ml of each penicillin and streptomycin (P/S) (Invitrogen). 
Plasmid transfections were performed in six-well plates with 
2.5 × 105 HEK293 T cells using theTransIT®-LT1 reagent 
(Mirus Bio LLC) according to the manufacturer’s instructions.

RNA extraction and semi-quantitative RT-PCR

Total RNA samples were collected 48 h post-transfection. For 
RT-PCR analyses RNA was reversely transcribed using 
Superscript III (SSIII) Reverse Transcriptase (Invitrogen) 
and Oligo(dT) primer (Invitrogen). For semi-quantitative 
analyses of spliced mRNAs, cDNA was used in a PCR reaction 
with primer #3210 and #3211. To control for equal transfec
tion efficiencies a separate PCR reaction was carried out with 
primer pair #1224/#1225 detecting coexpressed GH1-mRNA. 
All primer sequences used for semi-quantitative RT-PCR 
analyses are listed in Table S1. PCR products were separated 
on 8% non-denaturing polyacrylamide (PAA) gels and stained 
with ethidium bromide for visualization.

RNA in vitropulldown assays

For in vitro transcription of substrate RNAs, DNA templates were 
amplified from respective SV-env/eGFP plasmids with a forward 

primer containing a T7 promotor sequence and a single copy of 
an MS2 RNA binding site at the 5ʹ-end and a respective reverse 
primer (Table S1). RNA was synthesized using the RiboMaxTM 

large-scale RNA production system (P1300, Promega) according 
to the manufacturer’s instructions. Substrate RNAs were cova
lently linked to adipic acid dihydrazide-agarose beads as pre
viously described [15,24,26]. Immobilized RNAs were incubated 
in 30% HeLa cell nuclear extract (Cilbiotech)/buffer D (20 mM 
HEPES-KOH [pH 7.9], 5% glycerol, 0.1 M KCl, 0.2 mM EDTA, 
0.5 mM DTT) for 20 min at 30°C. Recombinant MS2 coat protein 
was added to nuclear extract dilutions to monitor for equal pre
cipitation efficiencies. After washing, specifically bound fractions 
were eluted from the beads and subjected to immunoblotting. 
Membranes were probed with rat antibody against U1-C (4H12) 
from Sigma-Aldrich and rabbit antibody against MS2 (TC-7004) 
from Tetracore. For detection, we used horseradish peroxidase 
(HRP)-conjugated anti-rat antibody (A9037) and HRP- 
conjugated anti-rabbit antibody (A6154) from Sigma-Aldrich.

Mass spectrometry and mass spectrometric data analysis

Mass spectrometric analysis was essentially carried out as 
described earlier (Erkelenz et al. [24]). Briefly, protein samples 
(independent RNA pulldowns, n = 5 per group: CT, GA, GC, 
CT, TT, ΔGT, ΔEnhancer) were shorty separated (about 
5 mm running distance) in an acrylamide gel and protein- 
containing band processed for mass spectrometric analysis by 
reduction, alkylation and tryptic digestion. Peptides were 
separated using C18 material on an Ultimate 3000 Rapid 
separation system (Thermo Fisher Scientific) using a 2 h gra
dient. Separated peptides were injected in an Orbitrap Elite 
hybrid mass spectrometer using an electrospray ionization 
nano-source interface. Precursor spectra were recorded in 
the orbitrap analyser and up to 20 precursor ions selected, 
fragmented using collision-induced dissociation and analysed 
in the linear ion trap part of the instrument.

Raw files were further processed with MaxQuant (version 
1.5.0.30, Max Planck Institute for Biochemistry, Planegg, 
Germany) using standard parameters if not indicated otherwise 
for peptide and protein identification and quantification. 
Searches were carried out based on 20,187 homo sapiens 
entries downloaded on the 3 December 2014 from the 
SwissProt section of UniProtKB supplemented by a sequence 
of an MBP-MS2 fusion protein. The ‘match between runs’ 
function was enabled as well as label-free quantification. 
Protein and peptide identifications were accepted at a false 
discovery rate of 1% and only proteins identified with at least 
two different peptides and a minimum of three valid label-free 
quantification (LFQ) values in each analysed group further 
considered. Additional processing of quantitative mass spec
trometric data was carried out using Perseus 1.6.6.0 (Max 
Planck Institute for Biochemistry, Planegg, Germany). For 
pairwise comparison of two sample groups, Student’s t-tests 
were calculated on log2 transformed LFQ intensities and cut- 
offs for significant differences determined based on the signifi
cance analysis of microarrays method [27] using an S0 of 0.1 
and false discovery rate of 5%. One dimensional annotation 
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enrichment analysis was carried out with Perseus [28] on the 
basis of the difference between the group-means of log2 trans
formed normalized (LFQ) intensities. Before analysis, identi
fied protein groups were annotated with GOBP terms (Homo 
sapiens, build in from Perseus) as well as manually added 
annotations (RBM, hnRNP, SR, U1 snRNP, DNA damage, 
Supplemental Data 1). The cut-off for reporting significantly 
altered categories was a Benjamini–Hochberg corrected 
p-value < 0.05.

RNA-seq analysis

We studied 5′splice site usage in our human RNA-seq tran
scriptome data set of 54 human fibroblast samples originating 
from 27 individuals. The raw sequencing data had recently 
been made publicly accessible [29] and are deposited online 
(ArrayExpress, accession number: E-MTAB-4652). Reads were 
trimmed or discarded with Trimmomatic version 0.36 based on 
their base calling quality and their adapter content [30]. The 
extent of rRNA depletion was measured by mapping the reads 
to rRNA databases with the SortMeRNA algorithm version 
2.1b [31]. For alignments and sequence analysis the human 
genome reference sequence GRCh38annotation data (release 
99) was downloaded from ENSEMBL [32]and BioMart [33]. 
Alignments were calculated using the alternative two-pass map
ping protocol of the STAR aligner (2.5.4b) [34]. Subsequent 
calculation of splice site localizations from gapped (exon junc
tion) reads was carried out using CRAN package rbamtools 
[35]. Identified splice sites were then processed using 
Bioconductor package splice sites (R package version 1.8.3, 
https://bioconductor.org/packages/3.2/bioc/html/spliceSites. 
html) and summarized per genomic 5’ss position. FASTQ files 
and the alignments were prepared using custom BASH shell 
scripts in the environment of the High Performing Cluster of 
the Heinrich Heine University Düsseldorf. Computational sup
port and infrastructure were provided by the ‘Centre for 
Information and Media Technology’ (ZIM) at the Heinrich 
Heine University Düsseldorf. 5’ss usage was normalized to the 
number of reads in the respective sample. To enable compar
ison, not only between samples, but between splice sites of 
differently expressed genes, the 5’ss usage was additionally 
normalized to the respective gene expression. Resulting Gene 
Normalized Reads (GNR) were calculated as the ratio in splice 
donor usage between a 5’ss and the most used 5’ss within the 
same gene. 5’ss usage information was then summarized from 
all samples leading to 298,197 5’ss with a GT dinucleotide at 
position +1/+2.269,186 5’ss were exclusively used with no 
competing secondary site within the 50 nt downstream region. 
The overall level of SRE-mediated splicing enhancement was 
estimated by calculating the average HEXplorer difference 
between the 50 nucleotides present up- and downstream of 
the 5’ss [36]. Affinity of the downstream sequences for U1 
snRNA binding was calculated by assigning ‘Pseudo’-H-Bond 
scores (by insertion of a GT at position +1/+2) to every 11nt 
long sequence overlapping within the 50-nucleotide down
stream sequences. ‘Pseudo’-H-Bond scores were summed up 
to form an integral measure for the general U1 snRNA affinity 
termed ”Pseudo-HBS integral”.

Results

Mutually exclusive binding of functional and 
non-functional splice site RNA substrates by U1 
snRNP-associated proteins and components of the DNA 
damage response (DDR) machinery

To define the extended repertoire of U1 snRNP-associated 
proteins and globally screen for changes in the composition 
of ribonucleoprotein (RNP) complexes formed with either 
functional or non-functional splice site RNA substrates (Fig. 
1A,B), we performed RNA pull down assays with nuclear 
extract followed by liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) analysis. As expected, splice site 
RNA substrates with both, a strong splicing enhancer and 
consensus 5’ss sequence showed efficient binding to known 
core constituents of U1 snRNP, including all three U1-specific 
proteins U1-C (SNRNPC), U1-70K (SNRNP70) and U1-A 
(SNRPA), subunits of the heptameric Sm protein ring as 
well as more peripheral U1-associated proteins such as 
Luc7L (Fig. 1B and Supplemental Data 1). This finding was 
consistent with a high splicing efficiency of a respective spli
cing minigene (Fig. 1B) and the recruitment of U1 snRNP to 
the pre-mRNA. The specificity of the RNA pulldown was 
further supported by GO cluster analysis, demonstrating over
representation of GO terms associated with splicing (Fig. 1D 
and Supplemental Data 2). By contrast, binding of U1 snRNP 
proteins was completely abolished in the absence of 
a functional 5’ss sequence (Fig. 1B; “Enhancer-ΔGT“). 
Instead, proteins involved in DNA damage response (DDR) 
and DNA repair could be detected (Fig. 1B, D and 
Supplemental Data 1), indicating that complexation of nas
cent RNA by splicing complexes normally ousts these proteins 
from binding. We also compared RNP complexes formed 
with RNAs either lacking a strong enhancer or a functional 
5’ss sequence (Fig. 1C and Supplemental Data 1). As expected, 
U1 snRNP recruitment strictly relied on the presence of a 5’ss 
sequence, while the enhancer appeared to be largely dispen
sable for precipitation of U1 snRNP proteins (Fig. 1C,E and 
Supplemental Data 1). Strikingly and quite unexpectedly, the 
splicing enhancer sequence was specifically bound by 
a considerable number of hnRNP proteins instead of SRSF7, 
suggesting that U1 snRNP binding is a prerequisite for SR 
protein stabilization on the pre-mRNA (Fig. 1C,E and 
Supplemental Data 1).

U1 snRNP recruitment generally mirrors 5’ss usage

Recently, we defined basic principles underlying the usage of 
noncanonical 5’ss [23]. We were able to rank them in the order 
of their intrinsic strengths GT > GC > TT > 
AT > GA > GG > CT. It is not fully understood yet why a TT 
dinucleotide at position −1/+1 compared favourably to all other 
tested dinucleotides except of a GC dinucleotide (Fig. 2A). 
Importantly, the splice site sequence CAG/TTAAGTAT in our 
experiments contained also a GT dinucleotide at −1/+1. This 
could theoretically entail alternative modes of U1 snRNA duplex 
formation by, e.g. bulging out a single nucleotide [37,38] or 
basepairing in a shifted register [39]. In fact, we could detect 
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Figure 1. Profiling of the functional splice siteinteractome.
(A) Schematic of the RNA substrates used for RNA in vitro pulldown assays. All in vitro transcribed RNAs contained an MS2 binding site at the 5ʹ-end that was 
recognized by recombinant MS2 coat protein (added to the nuclear extracts) and served as a precipitation control. RNAs were covalently coupled to agarose beads 
and bound fractions subsequently analysed by mass spectrometry (MS). Orange boxes indicate single splicing enhancer sequences that had been demonstrated 
before to efficiently enhance splice site activation [15,23,62]. (B, C) MS analysis identified the functional 5’ss (enhancer plus GT 5’ss) interactome (U1 snRNP proteins 
are highlighted in orange). Absence of the 5’ss sequence strongly reduced the levels of precipitated U1 snRNP proteins (B-C). In addition, the enhancer sequence 
revealed enriched binding for hnRNP proteins (C) (highlighted in green). Volcano Plots had been generated using InstantClue (www.instantclue.uni-koeln.de). (D, E) 
One dimensional Gene Ontology (GO) enrichment analysis was performed using Perseus. The top 10 non-redundant categories showing a shift to higher or lower 
abundances are presented. The size of the bubbles indicates the associated – log10 p-values. Ranges for – log10 p-values are 3.4 (smallest bubble) to 11.4 (largest 
Bubble) in E, 2–11.3 in F and 2.1–9.6 in G. The U1 snRNP complex annotation cluster is highlighted in orange, DNA repair cluster in blue and hnRNP cluster in yellow. 
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Figure 2. Binding of U1 snRNP-associated proteins to noncanonical splice sites.
(A) Assessment of the usage of different noncanonical splice sites using an HIV-1-based SV-env/eGFP splicing reporter [23], which contains four enhancer binding 
sites upstream of the 5’ss test sequence CAGNNAAGTAT. HEK293T cells were transiently transfected with 1 µg of each: the respective SV-env/GFP splicing reporter and 
pXGH5 (expressing human growth hormone 1 [GH1] to monitor equal transfection efficiencies). RNA was isolated 30 h post-transfection and used for RT-PCR analysis 
as described in Material&Methods. Different splicing positions (R) obtained by sequencing of the RT-PCR products are indicated below the gel image. US: unspliced; S: 
spliced; +1: exclusive cleavage at position +1; −1/+1: cleavage at positions −1 and +1; +1/5: cleavage at positions +1 and +5. (B, C) RNA in vitro binding assays show 
U1-C/SNRPC binding to noncanonical 5’ss. As mentioned before, in vitro transcribed RNAs were equipped with an MS2 binding site at the 5ʹ-end bound by 
recombinant MS2 coat protein that had been added to the nuclear extracts (NE). RNAs were immobilized and analysed for binding of U1-C/SNRPC (U1 snRNP) and 
MS2 (precipitation control). Signal intensities were quantified by ImageJ and normalized to the mean band intensity of U1-C/SNRPC for each biological replicate 
(n = 3). Data show the mean value ± standard deviation (SD). ** p < 0.01 and n.s: not significant (one-way ANOVA). (D, F) Comparative MS analysis of the protein 
fractions eluted from the different in vitro RNA substrates largely agreed with a positive correlation between U1 snRNP protein precipitation efficiency and 5’ss usage. 
Vulcano Plots were created using InstantClue (www.instantclue.uni-koeln.de). U1 snRNP proteins are highlighted in orange. Significantly enriched proteins are 
highlighted in dark grey and dark orange (U1 snRNP). Dinucleotides are highlighted in red. 
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approximately equal proportions of −1 and +1 splicing for the 
TT sequence, indicating that competing basepairing registers 
dictate the splicing outcome. However, we hypothesized that 
the additional GT at positions −1 and +1 could also be respon
sible for further U1 snRNP stabilization by U1-C (SNRPC) and/ 
or Luc7-like (Luc7L), stimulating splicing at position +1 [40]. 
Therefore, we aimed to analyse U1 snRNP complex binding and 
first, tested the levels of U1-C protein co-precipitating together 
with RNA substrates containing a single-nucleotide substitution 
at 5’ss positions +1 or +2 (Fig. 2B,C). Consistent with our 
ranking, the canonical GT site showed the highest levels of 
bound U1-C, directly followed by the GC site (Fig. 2B,C). 
However, contrary to our expectations the level of U1-C protein 
binding to TT sites was not elevated compared to the other 
tested noncanonical 5’ss such the CT dinucleotide with the low
est rank. Therefore, we carried on with a more unbiased pro
teomic approach and compared protein binding profiles of 
selected, noncanonical 5’ss (Fig. 2D–F). We found that the U1 
snRNP binding profiles largely correlated with the relative 5’ss 
strength with the exception, that TT and CT sites recruited 
comparable levels of U1 snRNP proteins (Fig. 2F). These find
ings indicated that the selection and rejection of noncanonical 
splice sites might occur at a later step than U1 snRNP binding. 
Alternatively, TT splice sites could be recognized by spliceosomal 
factors other than the U1 snRNP such as U11-48K of the minor 
spliceosome [8]. Although we cannot unequivocally exclude this 
possibility, preceding experiments clearly demonstrated that TT 
splice site usage depended on the complementarity of the splice 
site sequence to the 5ʹ-end of the U1 snRNA [23].

U1 snRNP binding to noncanonical 5’ss relies on 
enhancer-mediated U1 snRNA duplex stability

To address the question of whether U1 snRNP binding 
depends more on the support of splicing enhancers or base 
pairing between the U1 snRNA and the 5’ss sequence, we 
tested U1-C binding in presence and absence of splicing 
enhancers (Fig. 3A). Additionally, we compared enabled and 
disabled U1 snRNA binding by oligonucleotide-directed 
RNase H digestion of the U1 snRNA 5ʹ end. As before, we 
consciously decided for a minimal deviation from the con
sensus sequence and changed only a single nucleotide in one 
of the conserved GT positions at +1 or +2. Consistent with 
previous results from functional splicing assays [23], the 
tested noncanonical 5’ss sequences showed a higher enhancer 
dependency for U1-C binding (Fig. 3B, cf.upper panel ”GT”, 
lanes 1 and 3 with lower panel ‘TT’, lanes 1 and 3). In general, 
U1-C binding was decreased upon RNase H treatment (Fig. 
3B, cf. lanes RNase H, – with +), suggesting that U1 snRNP 
recruitment to canonical as well as noncanonical splice sites 
relies on intact base pairing capacity of the endogenous U1 
snRNA. Nonetheless, our results also clearly indicated that an 
efficient enhancer neighbourhood could partially overcome 
the need for basepairing interactions with the U1 snRNA 
(Fig. 3B, cf. lanes ‘both’ RNase H, – with +).

The fact that U1 snRNP/noncanonical 5’ss interactions 
similarily required RNA duplex formation prompted us to 
determine whether noncanonical5’ss splicing can be activated 
by coexpression of a compensatory U1 snRNA. Therefore, we 

generated U1 snRNAs carrying single-nucleotide substitutions 
within their 5ʹ end that compensated for the mismatch at the 
central 5’ss dinucleotide positions +1 or +2. To investigate 
noncanonical5’ss usage in the presence or absence of these 
compensatory U1 snRNAs, we used a recently established 
competition splicing assay in which noncanonical5’ss are 
tested in competition to a set of canonical 5’ss of different 
strengths (Fig. 3C). Intriguingly, the coexpression of the mod
ified U1 snRNA considerably strengthened the competitive 
ability of noncanonical 5’ss against their canonical counter
part. Accordingly, we already observed splice sites switching 
towards GA and CT in competition with the normally super
ior canonical splice site with an H-Bond Score (HBS) of 12.2 
following coexpression of a compensatory U1 snRNA (Fig. 
3C, cf. e.g. GA lanes 3 and 4, 12.2 – and +). Importantly, we 
efficiently redirected splicing towards the test TT splice site by 
U1 snRNA coexpression – even in presence of the relatively 
strong, competing 5’ss with an HBS of 15.2 (Fig. 3C, cf. TT 
lanes 5 and 6, 15.2 – and +). To our surprise, coexpression of 
an engineered U1 snRNA perfectly matching the GC site 
stimulated splicing at the competing 5’ss with an HBS of 
15.2 (Fig. 3C, cf. GC lanes 5 and 6, 15.2 – and +). It is not 
clear yet whether this is the result of non-Watson-Crick G•U 
basepairing between the modified U1 snRNA and the com
peting 5’ss or stimulation of its usage by upstream U1 snRNA 
binding (see next section).

Noteworthy, sequencing of the spliced RT-PCR products 
revealed that coexpression of the compensatory U1 snRNAs 
did not change the superimposed splicing register. Despite 
increased splicing efficiencies, we still obtained approximately 
equal usage of the splicing register −1 and +1 for TT (Fig. 
3D). Furthermore, for the CT sequence, coexpression of 
a compensatory U1 snRNA did not significantly change the 
ratio of splicing at positions +1 (~75%) and +5 (~25%) (Fig. 
S1). This supported the idea that initially positioning U1 
snRNP did not necessarily define the later cleavage position. 
This is rather defined by U6 and/or U5 snRNA binding. Also, 
it argues for U1 snRNP-dependent TT splice site usage and 
against the idea that flexibility in the U1 basepairing registers 
was the main reason for the observed splicing at positions −1 
and +1.

U1 snRNA binding sites can act as enhancers on nearby 
splice sites

Our studies indicated that a splicing inactive 5’ss with suffi
ciently high U1 snRNA complementarity should retain its 
capacity to interact with the U1 snRNP. In addition, we 
have previously shown that U1 binding sites that cannot be 
spliced by a G > C substitution at position +1 maintain their 
ability to enhance an upstream 3’ss, most likely through 
stimulation of cross-exon interactions [24]. Strikingly, the 
U1 snRNP is overrepresented within cells even though it is 
present in equal stoichiometry with the other U snRNP in 
spliceosomes, indicating additional functions outside of the 
spliceosome. Therefore, we addressed the question of whether 
splicing inactive U1 binding sites might have a general func
tion in splicing regulation analogous to splicing regulatory 
elements (SREs) that serve as binding sites for SR or hnRNP 
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Figure 3. U1 snRNP binding to noncanonical splice sites relies on stable U1 RNA duplex formation.
(A) Schematic of the RNA substrates used for RNA in vitro pulldown assays. Enhancer sites are indicated by orange boxes. (B) RNA in vitro pulldown assays showed 
that base pairing interactions with the U1 snRNA and splicing enhancers are major determinants for U1-C/SNRPC binding to noncanonical 5’ss sequences. HeLa cell 
nuclear were depleted (+) or mock-depleted (-) of U1 snRNA 5ʹ-end using short DNA oligonucleotides and RNase H. RNA pulldown assays were performed as 
described before. MS2 coat protein served as control. Signal intensities were quantified using the ImageJ software (https://fiji.sc/). The MS2 protein band intensities 
were used to normalize the U1-C/SNRPC signals. The normalized U1/C/SNRPC band intensities of the enhancer-less splice site substrates were set to 1 (‘none’, RNase 
H -) to calculate relative changes caused by RNase H treatment and/or presence of enhancer sequences in the upstream exon (‘up’) or downstream intron (‘down’). 
(C) Schematic of the HIV-1-based SV-env/eGFP splicing reporter containing the different pairs of competing splice sites (on top). Sequence variations (denoted by 
‘NN’) and H-Bond scores (https://www2.hhu.de/rna/html/H-Bond_score.php) of the competing canonical splice sites are indicated below. The different splicing 
reporters were either coexpressed with a compensatory U1 snRNA (+) or not (-). RT-PCR analyses of spliced reporter mRNAs were performed as described before. 
Splicing positions (R) are indicated below.*: H-Bond score had been calculated by inserting a GT at position +1/+2; +1: cleavage at position +1; −1/+1: cleavage at 
positions −1 and +1; +1/5: cleavage at positions +1 and +5. (D) Sequencing results of TT splice site usage in the presence and absence of a compensatory U1 snRNA. 
Polyacrylamide (PAA) bands were isolated, reamplified with primer pair #3210/#3211 and sent to sequencing analysis using primer #3210. 
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proteins. Using a previously published large, human RNA-seq 
transcriptome data set of 54 human fibroblast samples taken 
from 27 different individuals [23,29], we specifically searched 
for exon junction reads from used 5’ss with a GT at position 
+1/+2. From a total set of identified 298,197 5’ss, 269,196 5’ss 
showed no evidence for the usage of a second 5’ss within their 
50 nucleotide-sized downstream region and were used for 
further analyses. Cumulative support by SREs/the enhancing 
SRE landscape was defined as the average HEXplorer differ
ence between the 50 nucleotides up- and downstream of a 5’ss 
[36]. The general capacity to serve as a U1 binding site was 
estimated by assigning ”Pseudo”-HBond scores (calculated 
using a fixed GT at position +1/+2) to every 11nt long 
sequence overlapping within the 50-nucleotides downstream 
of the used 5’ss that could be summed up to define a ‘Pseudo’- 
HBond score integral. Strikingly, SRE support and ‘Pseudo’- 
HBond score integral showed a significant negative correla
tion (r = −0.27, p < 0.01) (Fig. 4A,B). The higher the SRE 
support of a 5’ss, the lower the ‘Pseudo’-HBond score integral, 
indicating that low SRE support might be compensated by 
a higher affinity of the downstream sequence for the U1 
snRNA.

Our genome-wide search was in line with the concept that 
splicing inactive U1 binding sites might also acts as splicing 
enhancers. Indeed, previously it has been shown that tethering 
of U1 snRNAs to intronic locations can have a positive effect 
on splice site usage [20–22].

To examine whether U1 snRNA binding sites might posi
tively act on the use of neighbouring 5’ss, we tested the 
activation of a weak canonical GT (HBS: 9.30) and 
a noncanonical TT 5’ss in the presence and absence of 
a downstream canonical GT U1 snRNA binding site (Fig. 4C).

Indeed, we found that the presence of the U1 binding site 
was linked to increased splicing of the upstream proximal 
canonical (GT) as well as the noncanonical (TT) 5’ss (Fig. 
4C, cf. lanes 1 with 2 or 3 with 4).

Previously, we demonstrated that U1 snRNP binding to 
a splicing inactive, mutant CT 5’ss flanking HIV-1 exon 3 
(D3 + 1 G > C) stimulates activation of the upstream 3’ss A2 
used to form vpr-mRNAs by re-establishing exon-definition 
[24]. This was consistent with a new approach published at 
that time, which demonstrated that tethering of engineered 
U1 snRNAs (called Exon-Specific U1 snRNAs (ExspeU1)) to 
downstream intron positions can be used to correct exon 
skipping [20]. In the meantime, this technique had success
fully been tested to rescue defective exon-definition in spinal 
muscular atrophy (SMA) [41–43] and several other diseases 
[44–46].

Since modified U1 snRNAs can be used to activate non
canonical 5’ss and enhance cross-exon interactions, we next 
wanted to define the molecular features of the U1 snRNA 
itself, which are critical for U1 snRNP-mediated splicing 
enhancement. For this purpose, we replaced the U1 snRNA 
stem loops I (SLI) and II (SLII) of a compensatory U1 snRNA 
that had been optimized for binding to mutant 5’ss 
D3 +1G>C (U1 αD3 +1G>C) by a single MS2 binding site 
(SLI > MS2 and SLII > MS2) (Fig. 4D) [24]. The U1 stem loop 
mutants were then coexpressed with the proviral mutant 

clone pNL4-3 D3 +1G>C and an expression plasmid coding 
for the bacteriophage MS2 coat protein or an MS2-RS domain 
fusion protein either to mimic U1-70K [17] or U1-A•CAPER 
[47] dependent RS domain binding to SL I or SL II (Fig. 4D). 
As it was seen before, a G-to-C substitution at position +1 of 
5’ss D3 led to abrogation of exon 3 inclusion (Fig. 4E, cf. 4kb, 
lanes 1 and 2, Env9). However, vpr-mRNA – formed by 
activation of A2 – was efficiently induced by coexpression of 
U1 αD3 + 1 G > C (Fig. 4E, cf. e.g. 2kb, lanes 2 and 3) 
consistent with earlier findings that U1 binding re- 
establishes exon-definition [24]. Coexpressing U1 SLI > MS2 
alone strongly reduced the shift towards 3’ss A2 as manifested 
by strongly reduced levels of vpr-mRNAs (Fig. 4E, cf. e.g. tat 
mRNA class cf. lanes 3 and 4). This indicated that U1-70K 
binding to SLI is necessary for upstream 3’ss A2 activation 
and exon-definition. Importantly, coexpression of U1 
SLI > MS2 together with an MS2-RS fusion protein partially 
re-induced 3’ss A2 activation (Fig. 4E, cf. e.g. tat mRNA class 
lane 4 and 5). This substantiated the idea that U1-70K is 
required to stimulate exon-spanning interactions for A2 acti
vation as it has been described before [43] and suggested that 
the U1-70K-dependent enhancement of exon-definition 
mostly relies on the RS domain. By contrast, and in agreement 
with Rogalska et al. [43], SLII appeared to be largely dispen
sable for activation of the upstream 3’ss A2 (Fig. 4E, cf. e.g. 
4kb mRNA class lane 3 and 6), suggesting that U1-A was not 
critical for upstream exon-definition. Surprisingly, coexpres
sion of the MS2-RS fusion protein also promoted activation of 
the downstream tat-specific 3’ss A3, regardless of whether the 
RS domain was tethered to stem loop I or II (Fig. 4E, cf. 4kb 
mRNA class lane 4 and 5 as well as 6 and 7). Taken together, 
our results showed that U1 snRNA binding sites can act as 
enhancer on proximal 5’ss as well as upstream 3’ss via the 
promotion of exon-defining interactions.

Noncanonical splice site usage is enhanced by proximal, 
canonical splice sites

Previous studies indicated that even significantly weaker 
canonical GT sequences can improve the use of noncanoni
cal splice sites [23]. In addition, we could confirm here that 
an U1 snRNA binding site can enhance the recognition and 
usage of a neighbouring splice site (Fig. 4). To determine 
whether noncanonical splice site use might be driven by the 
presence of internal GT sites, we first analysed splicing of 
two comparably strong noncanonical GC sites (GC#1: 
18.70* versus GC#2: 17.70*) but with unequally strong 
internal GTs at position +5/+6 (GC#1, GT: 9.30 versus 
GC#2, GT: 14.00) (Fig. 5A). It was found that the presence 
of a relatively strong GT at position +5/+6 considerably 
enhanced the splicing of the noncanonical GC site (Fig. 
5A) without impacting the final splicing cleavage position 
(Fig. 5B). Both GC sites were also tested in competition. 
Although the selection of the enhancer-proximal splice site 
is normally preferred in a constellation of two competing, 
equally strong 5’ss ([15], Fig. 5C, lane 1), splicing was 
shifted to the downstream GC site when it possessed 
a stronger internal GT site than the upstream one (Fig. 
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Figure 4. U1 snRNP binding act as splicing enhancer themselves.
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Pseudo-HBS integral. (B) Mean Pseudo-HBS integral and standard deviation of SRE support groups. (C) U1 binding sites promote the activation of weak canonical and 
noncanonical 5’ss. Usage of a weak GT splice site (HBs: 9.30) and a noncanonical TT site (HBs: 19.0*) was tested in the presence or absence of a non-functional U1 
binding site (U1 bs, HBs: 20.3*, highlighted in blue). Splicing positions (R) are indicated below.*: H-Bond score had been calculated by inserting a GT at position +1/ 
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species are indicated to the right of the gel images according to the nomenclature published previously [63]. 
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5C, lane 3). This indicated that possession of a stronger 
internal GT is advantageous for the usage of noncanonical 
GC sites. By contrast, increasing the complementarities of 

the internal GTs to moderate intrinsic strength (GTinternal 1: 
HBS 11.9; GTinternal2: HBS 12.30) within a test TT splice site 
(Fig. 5D) was already sufficient to entirely abolish splicing at 

Figure 5. A noncanonical GC splice site benefits from presence of an internal GT site at position +5/+6.
(A) Schematic of the HIV-1-based SV-env/eGFP splicing reporter containing different GC splice sites (on top). Sequence variations and H-Bond scores of the GC splice 
sites and the internal GT sequences at position +5/+6 are shown below. Splicing-dependent eGFP expression was monitored by fluorescence microscopy (see below). 
RT-PCR analyses of spliced reporter mRNAs were performed as described before. Splicing positions (R) are indicated below. (B) Sequencing results of GC splice site 
usage shown in (A). Polyacrylamide (PAA) bands were isolated, reamplified with primer pair #3210/#3211 and sent to sequencing analysis using primer #3210. (C) RT- 
PCR analysis of competing GC splice sites. (D, E) RT-PCR analysis and sequencing results of TT splice sites with variations of the internal GT sequence at position −1/ 
+1 or +5/+6. *H-Bond score had been calculated by inserting a GT at position +1/+2; S: spliced; +1: cleavage at position +1; −1: cleavage at positions −1; +5: 
cleavage at position +5. 
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the TT in position +1/+2 (Fig. 5E). This suggested that TT 
sites, though benefiting from weak GT in their proximity, 
are outcompeted by canonical GT sites of sufficient 
strength.

Discussion

Recognition of noncanonical splice sites by the major, 
U2-type spliceosome

Currently, there is only sparse knowledge about the recogni
tion of noncanonical splice sites. Our previous experiments 
indicated predominant recognition of noncanonical 5’ss by 
the U1 snRNP and splicing by the major U2-type spliceo
some, as the variation of the U1 snRNA complementarity led 
to correlative changes in splicing of a noncanonical test TT 
splice site [23]. In addition, coexpression of compensatory U1 
snRNAs was shown to activate the splicing of noncanonical 
splice sites [12,48]. Our proteomic analysis of proteins inter
acting with noncanonical GC and TT splice sites as well as our 
U1-C/SNRPC binding assays also supports these observations. 
Furthermore, we demonstrated activation of all tested 5’ss, 
including AT, by compensatory U1 snRNAs. Our findings 
prompted us to conclude that noncanonical, but otherwise 
highly complementary 5’ss – when forming hybrid introns 
together with canonical AGs – might generally be recognized 
by the U2-type spliceosomes. This idea is further supported 
by previous studies demonstrating that U12-type introns 
require concerted recognition of both splice sites [14,49], 
whereas U2-type splice sites can be independently bound by 
U1 and U2 snRNP [50–52].

U1 binding sites act as splicing enhancer themselves

A large excess of the U1 snRNP over all other U snRNPs 
indicates that the U1 snRNP might have additional functions 
beyond its well-characterized role as an early, integral building 
block for spliceosome positioning. Interestingly, our and other 
experiments give reason to believe that one of these functions 
could play a role as a general enhancer of splice sites. 
Correspondingly, we found that the presence of U1 binding 

sites was connected to increased splicing of weak canonical and 
noncanonical splice sites (Fig. 6). In addition, our transcrip
tome-wide search indicated that regions of increased affinity 
for basepairing to U1 snRNA mimic conventional enhancer 
sequences that are bound by splicing regulatory SR and hnRNP 
proteins. In fact, previous studies could already demonstrate 
that targeting of so-called exon-specific U1 snRNAs (ExSpeU1) 
or engineered U1 snRNAs (eU1s) to intronic locations can be 
used to correct exon skipping caused by 5’ss, 3’ss or exonic 
mutations [20–22]. In particular, ExSpeU1s had been demon
strated to enhance splicing in numerous cases [20,41,45,53–59] 
with an already proven applicability to promote SMN expres
sion in a mouse model of spinal muscular atrophy (SMA) [42]. 
Although the mechanism by which U1 snRNP binding can 
stimulate the recognition of nearby splice sites is not clear 
yet, previous work has suggested the simultaneous binding of 
multiple U1 snRNPs to RNA [60] and that additional U1 
snRNP binding might affect splice site selection through stabi
lization of SR proteins [20,60]. Interestingly, we found that RS 
domain tethering (derived from SRSF1) to U1 snRNA stem 
loop I was sufficient to functionally replace U1-70K and its role 
in promoting exon-definition across the upstream exon, which 
was also consistent with findings from a preceding study prob
ing the structural requirements of ExSpeU1s for splicing 
enhancement [43]. By contrast, stem loop II/U1-A binding 
turned out to be dispensable for U1 snRNP-mediated enhance
ment of upstream 3’ss again in accordance with functional 
splicing assays carried out with mutant ExSpeU1s [43]. These 
results suggest that physical interactions between RS domains 
from SR proteins and SR-related proteins associated with the 
U1 snRNP play a superior role for the activity of bound U1 
snRNPs as enhancers of 3’ss activation. However, future experi
ments need to clarify whether SR protein stabilization is the 
main reason for U1 snRNP-driven activation of 3ʹ and 5’ss.

Use of modified, therapeutic U1 snRNAs for the activation 
of pathological, noncanonical splice sites

Modified U1 snRNAs are widely tested for their potential as 
a novel therapeutic drug to rescue splicing defects caused by 
pathological 5’ss mutations (e.g. [42,43,55,61]). However, our 
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Figure 6. U1 snRNP binding sites serve as splicing enhancers through stabilization of SR protein binding.
U1 snRNA binding site can functionally mimic SREs and enhance the usage of neighbouring 3’ss (presumably via RS-domain induced cross-exon interactions) as well 
as neighbouring 5’ss (by a so far undefined mechanism). 
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studies might disclose a potential shortcoming of modified U1 
snRNA expression in therapy: while modified U1 snRNA 
coexpression can efficiently reactivate splicing, they cannot 
reset the correct cleavage position depending on the target 
5’ss. Here, we found that the coexpression of a compensatory 
U1 snRNA could not change the mixed usage of the −1/+1 
splicing register observed in the context of our test TT 5’ss. 
This was consistent with the idea that the selection of the 
cleavage position is determined at a step later than U1 snRNP 
binding, probably by the U6 and/or the U5 snRNA. 
Moreover, it argued against flexible U1/5’ss RNA duplex for
mation that occurs by basepairing with nonbulged or bulged 
sequence [38,39] as compensatory U1 coexpression increased 
splicing without changing the relative proportions of −1 and 
+1 usage.

A further risk could be caused by the apparent role of U1 
snRNP as a splicing enhancer, which could lead to the acci
dental activation of cryptic, weak splice sites in the proximity 
[21]. These results suggest that modified U1 snRNAs, despite 
their undisputed therapeutic potential, still require very care
ful prior verification in individual cases.
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