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Abstract

Tandem donor splice sites (5'ss) are unigue regions with at least two GU dinucleotides serving as splicing cleavage sites. The A3 tandem 5’ss
are a specific subclass of 5'ss separated by 3 nucleotides which can affect protein function by inserting/deleting a single amino acid. One 5'ss
is typically preferred, yet factors governing particular 5’ss choice are not fully understood. A highly conserved exon 21 of the STAT3 gene was
chosen as a model to study A3 tandem 5'ss splicing mechanisms. Based on multiple lines of experimental evidence, endogenous U1 snRNA
most likely binds only to the upstream 5’ss. However, the downstream 5’ss is used preferentially, and the splice site choice is not dependent on
the exact U1 snRNA binding position. Downstream 5’ss usage was sensitive to exact nucleotide composition and dependent on the presence of
downstream regulatory region. The downstream 5’ss usage could be best explained by two novel interactions with endogenous U6 snRNA. U6
snRNA enables the downstream 5'ss usage in STAT3 exon 21 by two mechanisms: (i) binding in a novel non-canonical register and (ii) establishing
extended Watson-Crick base pairing with the downstream regulatory region. This study suggests that U6:5’ss interaction is more flexible than
previously thought.

Graphical abstract

Donor 1 Donor 2 DSR

STAT3 Tandem 5'SS

cccAGlGuaAlcuuGUUGAUUUUCCIA

U1 snRNA

Spliceosomal E/A Complex

[GUCCAUJ&UCAUA

Wi e 1 el
CCCAGlGUAlGUUGUUG A

/\

/ pus SnRNA @Uﬁ SRNA

/ /
N/ N4
Q/\\‘GAGACAUAG Z/\\GAGACAU A[GCAAGGQU—
‘ i Spliceosomal B complex 10
ol
CAGIGUAGUUGUUG A— CAGGUAJG UU|lgujucaluuuuc gJaA—
Cleavage Site \ Cleavage Site
Introduction

or more splicing isoforms (1,2). Therefore, AS (along with

Pre-mRNA splicing is an essential RNA processing step that
removes introns and joins exons to produce mature mes-
senger RNA transcript (mRNA). An important hallmark of
mammalian RNA processing is alternative splicing (AS). In
humans, approximately 95% of human genes produce two

alternative transcription initiation, alternative polyadenyla-
tion, and RNA editing) generates a considerable amount of
variability in the human transcriptome and proteome despite
the limited number of genes. There are three general ways
in which AS can affect gene expression: (i) production of
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protein or non-coding RNA isoforms that differ in structure
or function, (ii) generation of mRNAs with differing 5" or
3’ UTR that affects translation efficiency or mRNA stabil-
ity and (iii) protein level regulation by introducing a prema-
ture stop codon (PTC) and subsequent mRNA degradation by
nonsense-mediated mRNA decay (NMD).

Introns in humans are defined by four main splicing signals,
5’ splice site (§’ss or donors), branch point adenosine (BP),
polypyrimidine tract (PPT), and 3’ splice site (3ss or accep-
tors). While these sites are important for proper splicing, their
sequence motifs are highly degenerate (3). Practically, the only
conserved nucleotides in splice sites are GT and AG at the start
and end of the intron and branch site adenosine near the 3’ss,
respectively. 98.76% of all human introns are U2-type GT-
AG introns with the next most represented group being GC-
AG introns (0.86%) (3). The diversity of main splicing signals
is made possible in part by the presence of cis-acting splicing
regulatory elements (SRE), e.g. splicing enhancers or silencers,
that affect splice site recognition (4,5). Splicing enhancer and
silencer sequence motifs are even more degenerate since their
function is mediated mainly by binding of two very diverse
groups of RNA-binding proteins (RBPs), Serine/arginine-rich
(SR) proteins (6) and heterogeneous nuclear ribonucleopro-
teins (hnRNPs) (7).

The most common AS type in humans is the skipping of
one or more exons followed by the use of alternative accep-
tors and donors, intron retention, and inclusion of mutually
exclusive exons (8). Interestingly, alternative donor pairs sep-
arated by 10 or fewer nucleotides (here referred to as tandem
donor sites) constitute 23,7% of all alternative donor events
(9). The A3n tandem donors are an important class of al-
ternative donors separated by multiples of three nucleotides
(A3n donors). While splicing of other tandem donors might
result in a frameshift and completely change the downstream
amino acid sequence, splicing of A3n donors results in adding
or deleting a few amino acids and has the potential to slightly
modulate the protein function.

A critical step in 5’ss recognition is the base pairing of U1
snRNA 5’ end with the exon/intron boundary of 5’ss (10,11).
The U1 snRNA can establish up to 11 base pairs with 5’ss in
the last 3 exonic and first 8 intronic nucleotides. While the last
two intronic nucleotides of human 5’ss are not conserved, they
can contribute to the recognition in some cases (12). However,
there is considerable diversity among authentic human 5'ss se-
quences and only a small percentage of them fit the extended
MAG/GURAGUAU consensus perfectly. On average, authen-
tic human 5'ss contains 7 (out of 11) nucleotides that conform
to the extended consensus sequence, and 25% of 5’ss match
the consensus motif in 6 or fewer nucleotides. U1/5’ss duplex
can also accommodate shifted, bulge, and asymmetric loop
registers (13-15). Specifically, Roca and Krainer reported that
in some human 5’ss, Ul snRNA binding was shifted by one
nucleotide downstream from the canonical register (13). Ad-
ditionally, various bulges in both strands of U1/5’ss duplex,
and asymmetric loops were shown to exist by Tan and col-
leagues (15). These atypical 5’ splice sites looked like one nu-
cleotide was inserted or deleted between positions +2 and +5
when compared to the consensus $’ss motif. It is estimated
that 1.5% of all human 5’ss use non-canonical registers. This
means that some 5’ss that would be considered weak by tra-
ditional prediction algorithms such as MaxEntScan or H-
bonds are in fact stronger when considering non-canonical U1l
snRNA binding registers.
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Signal transducer and activator of transcription 3 (STAT3)
is a transcription factor that mediates cellular responses to in-
terleukins and growth factors and regulates G1 to S phase
progression. STAT3 also regulates embryogenesis, immunity
and inflammation, haematopoiesis, cell migration and cell sur-
vival, and its persistent activation is implicated in multiple
cancers (16,17). The STAT3 gene produces four different iso-
forms (ASe, ASB and S«, SB) which result from alternative
splicing of exon 21 (AS or S) and 23 («x or B). Isoforms o
and B differ in the C-terminal transactivation domain and
possess overlapping and distinct functions (16,18). Alterna-
tive splicing of the tandem 5’ss in exon 21 results in a AS
or S isoform that lacks/contains serine in position 701. The
splicing regulation and function of these two S variants is
largely unknown, but the latest evidence suggests that both
these isoforms are important for the proper STAT3 func-
tion. Zheng and colleagues (19) showed that the re-expression
of isoforms in pairs (ASa + Sa or ASP + SB) or all four
splicing isoforms simultaneously led to better survival of the
ABC subtype of diffuse large B-cell lymphoma cancer cell line
(ABC DLBCL).

Factors that govern splice site choice within tandem donor
splice sites are not well described. Our study aimed to iden-
tify and understand the role of these factors in tandem donor
splice sites. We chose the tandem donor splice site in exon 21
of the human STAT3 gene as an exemplary A3 donor type
representative due to its high evolutionary conservation and
well-described splicing pattern.

Materials and methods

Minigene constructs and characteristics

Minigene for STAT3 gene splicing evaluation was created
by inserting an amplified part of wild-type STAT3 gene hu-
man genomic sequence into the pETO01 vector (MoBiTec).
The insert contained the whole STAT3 exon 21 and 328
and 250 upstream and downstream flanking intronic nu-
cleotides, respectively. The STAT3 insert was cloned into mul-
tiple cloning site in intron between two vector-specific exons
giving rise to a three-exon minigene. The resulting minigene
was named pET-STAT3. Expression vectors for human Ul
snRNA (pGEM-U1) and U6 snRNA (pGEM-U6) were kindly
provided by Emanuele Buratti from ICGEB Italy. Minigene
variants were prepared by PCR-based site-directed mutagen-
esis using specific primers and PrimeSTAR® Max DNA Poly-
merase (Takara Bio). PCR primer sequences are provided in
Supplementary Tables S1-S3. Minigenes were transfected into
HeLa cells, whole RNA was isolated, and RT-PCR-amplified
mRNA transcripts were analysed by capillary electrophoresis
to properly distinguish and quantify all splicing isoforms. In
wild-type pET-STAT3 (and mutants), we observed the use of
three cryptic 3’ss which account for around 5-8% of all tran-
scripts (data not shown). While these cryptic 3’ss have not
been explicitly reported in the literature, they can be iden-
tified in the GTex and SRA datasets among the four most
common mis-splicing events in the vicinity of STAT3 exon 21.
These cryptic 3’ss are aggregated in the SpliceVault database
at https://kidsneuro.shinyapps.io/splicevault/ (20). The results
of the minigene analysis are presented without the transcripts
that use these three cryptic 3’ss to make the graphs straightfor-
ward. These transcripts and their exact location within cDNA
are depicted in Supplementary Figure S2B.
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Transfections

HeLa cells (The European Collection of Authenticated
Cell Cultures — ECACC) were maintained in RPMI 1640
medium (Sigma-Aldrich) and supplemented with 10% fetal
bovine serum (Sigma-Aldrich). One day prior to transfection,
1.2 x 10° cells per well were seeded into a 12-well plate to
achieve between 50% and 70% confluency. Depending on the
nature of the experiment, pET-STAT3 alone or in combination
with other plasmids (P GEM-U1 or pGEM-U6) were used for
transfections. Single-construct transfections were carried out
using 800 ng of pET-STAT3 minigene, while co-transfections
were carried out using 200 ng of pET-STAT3 minigene and
900 ng of second plasmid (pGEM-U1 or pGEM-U6). Trans-
fections for each unique plasmid combination were repeated
three times.

An appropriate amount of each plasmid was added to the
mix of 100 ul of RPMI medium and 2.4 ul of transfection
reagent XtremeGene 9 (Roche) and the mixture was pipetted
onto the cells after a 20-minute incubation. Total RNA was
extracted 24 hours after transfection using RNeasy Plus Mini
Kit (Qiagen) or Quick-RNA Miniprep Kit (Zymo Research).
Isolated RNA was treated with a 1U of rDNase I from a DNA-
free™ Kit (Thermo Fisher Scientific) and the enzyme was in-
activated according to the manufacturer’s protocol. The qual-
ity and quantity of RNA was checked by NanoDrop 2000c
(Thermo Fisher Scientific).

Reverse transcription and capillary electrophoresis
Total RNA from transfected HeLa cells was reverse tran-
scribed to cDNA by Transcriptor First Strand cDNA Synthe-
sis Kit (Roche) or High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems) according to the manufacturer’s
protocol. To distinguish amplicons that differ in length by
three nucleotides, capillary electrophoresis was used. To pre-
vent overamplification in capillary electrophoresis, initial PCR
for cycle optimization was performed by using Tag DNA poly-
merase (Thermo Fisher Scientific), forward primer pET_1A
and reverse primer PS02. Subsequent PCR with optimized cy-
cles using the same polymerase but with FAM-labelled for-
ward primer pET_1FAM and reverse primer PSO02 was car-
ried out and 20 pl of this reaction was visualized on 1.5%
agarose gel. For capillary electrophoresis, 1 ul of PCR prod-
uct was mixed with 9.5 ul of HiDi formamide (Thermo Fisher
Scientific) and 0.5 ul of GeneTrace 1000 ROX Size Standard
(Carolina Biosystems). The mixture was then denatured for
two minutes at 95°C and frozen at -80°C. The capillary elec-
trophoresis was carried out on an ABI PRISM® 3500 Ge-
netic Analyzer (Thermo Fisher Scientific) and analysed by
GeneMapper 4.1 (Thermo Fisher Scientific) software. Alter-
natively, PCR products were sent to SEQme s.r.o and the re-
ceived .fsa files were analysed by GeneMapper 4.1.

In silico analysis

The splice site strength was calculated using a Maximum
Entropy Model implemented on the MaxEntScan website
(http://hollywood.mit.edu/burgelab/maxent/). The propensity
to form a secondary structure in RNA was evaluated by
the UNAFold web server feature Quickfold with default set-
tings using RNA 3.0 energy rules and only the lowest cal-
culated change in Gibbs energy (AG) is reported here (21).
The input sequence was 80 nucleotides long and was cen-
tred on the cleavage site of D2 5’ss. For the evaluation of
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enhancer/silencer activity, two scores based on hexamers were
calculated. The total HZg; score was obtained from a Hex-
plorer website (https://rna.hhu.de/HEXplorer/) (22). ESRseq
score was calculated based on scores obtained from the paper
by Ke ez al. (23). The input for both was the same as for UN-
AFold. Simple linear regression analysis, P-values and other
statistics were calculated either by MS Excel, TIBCO Statis-
tica (version 14) or NumPy package in Python. P-values were
calculated by two sample unpaired t-tests.

Minigene construct for high-throughput splicing
analysis

A STAT3 insert from pET-STAT3 was cloned into a vector
described and previously used for high-throughput splicing
analysis (24) and the new minigene was named pHT-STAT3
(Supplementary Figure S2). The pHT-STAT3 plasmid pos-
sesses several additional restriction sites compared to the pET-
STATS3. The restriction sites for HindIIl and Bglll, located
within exon 1, were used to introduce a barcode (BC1) that
allowed us to match mRNA transcripts with mutations in the
plasmid library. To match the BC1 with a mutation in the
DNA mutagenesis library, restriction sites for Pacl and AsiSI
located at the ends of introns between exon 1 and exon 21
were used to shorten the intron for DNA sequencing. Due to
read length limitations, STAT3 exon 21 was shortened to 80
nucleotides by a deletion (e_del 3) spanning nucleotides from
8 through 140, numbered relative to the exon. This change
resulted only in a minor increase in exon skipping (up to 8%)
(Figure 5).

Constructing mutagenesis libraries

Before mutagenesis, nine unique barcodes were introduced
into exon 2 of the pHT-STAT3 plasmid to improve the as-
signment of potential chimeric transcripts observed before
(24). This was done by using primers pHT_BC2_mut_f and
pHT_BC2_mut_r. None of these barcodes changed the pHT-
STATS3 plasmid splicing. In the next step, two different mu-
tagenesis libraries were constructed separately by PCR-based
site-directed mutagenesis using PrimerSTAR® MAX DNA
Polymerase (Takara Bio) and two degenerated mutagene-
sis primer pairs. Library 1 (L1) was generated by primers
S3_L1mut_A and S3_L1mut_B which covered positions -7
to +8. Library 2 (L2) was generated by primers S3_L2mut_A
and S3_L2mut_B which covered positions +9 to +19. Library
L1 had a degeneration rate set as 88 % of wild-type nucleotide
and 12% of other at the N nucleotide. Library L2 had a de-
generation rate set as 82% of wild-type nucleotide and 18%
of other at the N nucleotide.

The entire volume of mutagenesis PCR for each library
was divided into six tubes containing 50 pl of DHS« com-
petent cells and then transformed by heat shock. The trans-
formation reactions for each library were then pooled to-
gether into the Erlenmeyer bank with a total of 40 ml of
LB medium with carbenicillin and incubated overnight. The
next day, plasmid DNA was isolated and used as a back-
bone vector to introduce the BC1 barcode. To put the BC1
into the mutagenesis libraries, a portion of exon 1 from the
wild-type pHT-STAT3 vector was amplified by PrimeSTAR®
Max DNA Polymerase (Takara Bio) using pHT_BClamp_f
forward primer and a pHT_BClmut_r reverse mutagenesis
primer. This sequence was then cloned back into the mu-
tagenesis library between HindIIl and BglII restriction sites
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using T4 DNA ligase (New England Biolabs). The resulting
BC1 NNNNGNNNNGNNNN consisted of 12 degenerate N
positions. Each mutagenesis library was barcoded separately,
and the heat-shock transformation described above was re-
peated. Successful barcoding was checked by restriction en-
zymes Nhel and Xbal and mutagenesis by Sanger sequencing.
Where needed, the libraries were pooled together equimolarly
and 400 ng was transfected into HeLa cells as described in the
Transfections section.

Preparation of RNA libraries for next-generation
sequencing

500 ng of total isolated RNA from HeLa cells was reverse
transcribed to cDNA by Transcriptor First Strand cDNA Syn-
thesis Kit (Roche) according to the manufacturer’s protocol.
To generate amplicons suitable for Next-generation sequenc-
ing, two PCR rounds were performed using Q5® Hot Start
High-Fidelity DNA Polymerase (New England Biolabs). The
first PCR with PS03 _ill_f.adapt and PS04 _ill_r.adapt primers
was used to specifically amplify the minigene mRNA tran-
scripts and introduce [llumina adapters at both ends. The pro-
gram for the first PCR was set as follows: 30 s at 98°C, 20x
(10sat 98°C,20sat 60°C,20sat 72°C),30sat 72°Cand 20 s
at 20°C. The PCR products were then cleaned up by AMPure
XP beads (Beckman Coulter), diluted 100 times and used as
a template for the second PCR. The second PCR utilized Illu-
mina NEXTERA primers that annealed to Illumina adapters.
The program for the second PCR was similar to the first, with
30 cycles. The PCR products were again cleaned up by AM-
Pure XP beads, the library quality was checked by TapeStation
(Agilent Technologies) and the concentration was determined
by Qubit 2.0 (Thermofisher Scientific). All samples were then
pooled equimolarly and run on NextSeq 500 (Illumina).

Preparation of DNA libraries for next-generation
sequencing

The DNA from the three mutagenesis libraries was isolated by
QIAprep Spin Miniprep Kit (Qiagen). For next-generation se-
quencing, the intron between exons 1 and 21 had to be short-
ened due to read length restriction. To this end, each sample
was treated with Pacl and AsiSI enzymes and then recircular-
ized by T4 DNA ligase (New England Biolabs). Two rounds
of PCR were performed using PrimeSTAR® Max DNA Poly-
merase (Takara Bio) to generate a suitable amplicon library.
The first PCR used PS03 _ill_f.adapt and STAT3_DNAseq_1R
minigene-specific primers with Illumina adapters at 5" ends.
The program for both PCRs was set as follows: 30s at 98°C,
20x (10 s at 98°C, 20 s at 60°C, 15 s at 72°C), 30s at 72°C
and 20 s at 20°C. The DNA was purified by AMPure XP beads
(Beckman Coulter) and diluted 100 times. The second PCR
employed Illumina NEXTERA primers that annealed to Illu-
mina adapters.

Molecular dynamics (MD) simulations

The interaction between pre-mRNA and U1 snRNA was stud-
ied using MD simulations. RNA duplexes consisting of one
strand from mRNA and a second one from UlsnRNA were
built by the NAB module of AMBER 16 (25). The duplexes
were built as a right-handed A-RNA using a parmbscO OL3
force field (26). Mismatched base pairs were built in cis-
Watson—Crick cis-WC/WC geometry as standard canonical
pairs. Force field parameters for pseudouridine were taken
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from the modified residues library (27) and adjusted accord-
ing to the force field used. Each RNA duplex was solvated by
a periodic octahedral box of TIP3P water molecules extend-
ing 10 A from the solute and neutralized with sodium coun-
terions using AMBER’s Xleap module. The equilibration and
production setup used in this study corresponds to the stan-
dard protocol applied by the ABC consortium for large-scale
MD nucleic acid studies (28). Equilibrated duplexes were sim-
ulated for 500 ns. The MD trajectories were processed using
AMBER’s Ptraj module and visualized using the VMD pro-
gram (29). Stability of RNA duplex conformations was mon-
itored using root-mean-square deviation (RMSD), which in-
dicates the deviation in a superposition of MD structures and
the initial A-RNA geometry.

Results

The downstream 5'ss is weakly defined

The tandem donor sequence in STAT3 exon 21 (Figure 1A),
CAG/GTA/GTTGTTGA, gives rise to two overlapping 5'ss
motifs. Using a well-established prediction algorithm, Max-
EntScan (30), we calculated the scores for the upstream 5'ss
(D1) and downstream 5’ss (D2) as 6.3 and —17.47, respec-
tively (Figure 2A). MaxEntScan (MES) score reflects, to a great
extent, a given splice site’s ability to be recognized by a spliceo-
some and it is generally assumed that a negative score is a sign
of an extremely weak splice site. D1 and D2 also substan-
tially differ in the potential number of base pairs (bp) they
can create with Ul snRNA (10 versus 5 bp), which indicates
that the D2 binds U1l snRNA much less effectively (Figure
2B). To support this, molecular dynamics was used to sim-
ulate the formation of various U1:5'ss RNA duplexes. The
duplex formed by D1 and U1l was visually and structurally
similar to the duplex formed by extended consensus 5'ss se-
quence and U1. In contrast, the duplex formed by D2 and U1
did not resemble a typical A-RNA structure nor the D1:U1 du-
plex and was the least stable structure among the three tested
duplexes as illustrated by the highest root-mean-square devia-
tion (RMSD) values (Figure 2C, D). Even though these in silico
simulations do not account for Ul-specific or other proteins
that can stabilize various mismatches in the U1:5'ss duplex
(31,32), they point out how distorted the duplex will become
over time if not aided by proteins. Recognition of 5’ss by U1
snRNP in yeast is consistent with conformational proofread-
ing model (32). If this also holds true for humans, the more dis-
torted the U1:5’ss duplex becomes, the less likely it is to pass
proofreading checkpoints and progress into catalytically ac-
tive spliceosomal complexes. The huge distortion observed in
the D2:U1 duplex suggests a low probability of functional as-
sociation between endogenous U1l snRNA and D2. Combined,
these i silico analyses suggest that the D2 donor is extremely
weak and might not bind U1 snRNA effectively. This in turn
implies that there is only one functional binding site (the
D1 motif) for endogenous U1l snRNA in this tandem splice
site.

Mutational analysis suggests only a single
functional U1 snRNA binding site

To test whether there are one or multiple binding sites for
endogenous Ul snRNA, we introduced single nucleotide
substitutions into the pET-STAT3 minigene. All positions
were numbered relative to the D2’s GT dinucleotide, i.e.
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Figure 1. pET-STAT3 minigene used for splicing analysis. (A) Scheme of used minigene. (B) Transcripts produced from pET-STAT3 minigene. Transcripts
including full-length exon 21 that use D1 or D2 donors are grouped under the ‘Exon Inclusion’ tag when appropriate, otherwise ‘D1’ and ‘D2’ tag are
used.

D1 D2
A B ‘ ‘
-6 -4 -1 +2 +5 +8
MaxEntScan score Predicted U1 complementarity STAT3 wt ICI 'IA ﬁlﬁ LIJ IAIE u LIJ (.; LIJ UGA
D1 wild type 6.3 10 bp (8 WC + 2 wobble) U1 snRNA wt GUCCAUYCAUA
D2 wild type -17.47 5 bp (3 WC + 2 wobble)
11 . | ®
U1 snRNA wt GUCCAUUWCAUA
C
. . [ D 7 == D2
D1 wild type D2 wild type Ideal 5'ss - o i
CAG/GUAGUUGU GUA/GUUGUUGA CAG/GUAAGUAU 6 1 == Ideal 5'ss J
M ‘

/

[ " h‘.,\ i RWA

5 4 N A i A
h|”\ .H A"w'd ‘\ 'I “‘/.ﬂ , i“' V
A \' : L] _’J 'J' v U o J.-."\:-'ﬁ-’” ' F Y " M v
L I\ e
© A \;\f\‘a (I
it y W
/

\
/

b
'\"'\‘ Wi A A
s

0 T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500

time (ns)

Figure 2. U1 snRNA pairing to the STAT3 wild type tandem 5’ss in exon 21. (A) Predicting 5’ss strength with the use of MaxEntScan and
complementarity between endogenous U1 snRNA and either of the two donors (D1 and D2). bp — base pair; WC — Watson-Crick base pair; wobble —
wobble base pair (i.e. G:U or G: ). (B) Alignment and complementarity between endogenous U1 snRNA and both 5’ss (D1 and D2) in the STAT3
tandem donor splice site. | — A:U pair; Il — G:C pair; o, wobble base pair (G:U or G:). (C) Molecular dynamics simulation of RNA duplex formation. The
structures were obtained at the end of the experiment (500 ns). To generate the structures, two 11-nucleotide long oligomers were annealed, identical
sequence to the 5" end of endogenous U1 snRNA and one of the three different donor sequences — left to right: D1 wild type (CAG/guaguugu), D2 wild
type (GUA/guuguuga) and human extended consensus donor motif (CAG/guaaguau). (D) Root-mean-square deviation (RMSD) value development
during the molecular dynamics simulation.
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Impact of substitutions on splicing - high-throughput
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Figure 3. Tandem donor mutagenesis. Impact of single-nucleotide substitutions on STAT3 splicing in regular pET-STAT3 minigene (A, D) and
high-throughput pHT-STAT3 minigene (B, E). Transcripts produced from STAT3 minigenes. ES, exon skipping; El, exon inclusion; I1R, upstream intron
retention; 12R, downstream intron retention. Impact of single nucleotide substitutions on all transcripts produced by regular (A) and high-throughput (B)
STAT3 minigenes. Impact of single nucleotide substitutions on donor usage in regular (D) and high-throughput (E) STAT3 minigenes. (C) Scheme
depicting base pairing between STAT3 tandem 5'ss and endogenous U1 snRNA. (E) Donor usage in mutations in positions -4, -3 and -2 was not
measurable (denoted by x) as exon inclusion was 0%. Standard deviation was calculated for exon skipping and D1 usage.

—1/+1 being the D2 exon/intron boundary. Nucleotides in po-
sitions important for potential U1 snRNA binding (-6 to +2)
were mutated and characterized (Figure 3A, C). Four main
spliced transcripts were detected: full-length STAT3 exon 21
inclusion with the usage of one of the two donor splice sites
(exon inclusion, EI), STAT3 exon 21 skipping (ES), and down-
stream intron retention (IR) (Figure 1B). As expected, muta-
tions in positions =3, -2 and +1, +2, which disrupted invari-
ant GTs, resulted in non-usage of D1 or D2, respectively (Fig-
ure 3B). Mutations in positions —6 to —1 showed increased
exon skipping, ranging from 2.6% to 99%. Mutations +1A,
and +2A, that disrupted D2’s GT dinucleotide, did not in-
crease the exon 21 skipping despite resulting in the non-usage
of the D2 (Figure 3). These changes in exon skipping agreed
with the predicted base pairing changes between U1 and D1
only, and not with D2 (Supplementary Figure S1A). If there
were two or more functional binding sites for U1l snRNA in
this tandem 5’ss we would expect a partial redundancy in en-
suring proper exon inclusion. However, mutations -3C and —
2A that disrupted potential D1:U1 base pairing and improved
D2:U1 base pairing resulted in basically 100% aberration. Ad-
ditionally, mutations in +1A and +2A that disrupted potential
D2:U1 base pairing did not affect exon inclusion substantially.

This argues against any significant contribution of a potential
U1 snRNA binding at the D2 to the exon inclusion. These re-
sults imply that the endogenous U1l snRNA either does not
bind to the D2 or the Ul snRNA binding to the D2 motif is
unimportant for exon 21 inclusion.

To gain a more detailed understanding of how changes
in the tandem donor sequence motif affect splicing and
GT choice, a specialized pHT-STAT3 minigene suited
for high-throughput (HT) splicing analysis was created
(Supplementary Figure S2). The 213 nt STAT3 exon 21 was
shortened to 80 nt (due to read length limitations) with min-
imal influence on wild-type splicing (refer to mutation e_del
3 in Figure 5). We obtained more than 300 different muta-
tions (up to 6n substitutions) in the positions =7 to +8 and
termed this library L1. Comparing identical mutations -6T, —
5C and -1C in both experiments reveals that the pHT-STAT3
minigene is more susceptible to exon skipping than the pET-
STAT3 minigene (Figure 3A, B). Nevertheless, based on sim-
ple linear regression analysis, changes in exon inclusion seen
in the single nucleotide substitutions were highly correlated
with the predicted MES score changes in the D1 (R* = 0.838,
P << 0.001) but not in the D2 (R*= 0.072, P = 0.168)
(Supplementary Figure S3C). Thus, the MES score of D1 can
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Figure 4. pET-STAT3 mutation rescue by suppressor or shifted UT snRNAs. (A) three STAT3 mutations rescued by suppressor U1 snRNA that
re-established D1 base pairing. * P-value < 0.05; ** P-value < 0.01. (B) Alignment and base pairing of endogenous and shifted U1 snRNAs with the
sequence of wild-type STAT3 pre-mRNA. I, C:G base pair; I, A:U base pair; e, wobble base pair (i.e. G:U or G:p). (C) Splicing rescue of -4T mutation by
shifted U1 snRNAs. (D) Impact of shifted U1 snRNAs on donor use in —4T mutation. Standard deviations are depicted for exon inclusion and D1 usage

frequency.

explain 83.8% of the exon inclusion variance. As U1l snRNA
binding is a crucial contributor to this score, this again sup-
ports the idea that only the D1 and not the D2 binds en-
dogenous Ul snRNA. We also tried to explain the observed
exon inclusion and §’ss usage by changes in potential RNA
secondary structure formed at the tandem 5'ss (AG, mfold)
(21) or in silencer/enhancer activity at the tandem 5’ss using
two scoring systems, total HZg; score (22) and ESRseq score
(23). The total HZg; and ESRseq scores represent the poten-
tial of a given sequence to bind splicing enhancer or silencer
proteins. Ultimately, none of these three methods were able
to explain the observed variance and therefore probably have
minimal or no impact on the splicing of STAT3 tandem 5'ss
(Supplementary Figures S16 and S17).

Exon inclusion is rescued by re-establishment of
U1 snRNA base pairing to D1 motif

The splicing of human 5'ss is not always dependent on the
presence of Ul snRNP and in some cases, the depletion of Ul
snRNP can be overcome by the addition of high concentra-
tions of SR proteins (33-37). Interestingly, Cyanidioschyzon
merolae might even lack the Ul snRNP and associated pro-
teins completely and the spliceosome assembly might begin
with the recognition of 5'ss by tri-snRNP (38). Therefore, it
is theoretically possible that splicing of human STAT3 tandem
5’ss is Ul-independent. To exclude this possibility and confirm
that the endogenous U1 snRNA plays a role in the splicing of
STAT3 tandem §'ss, three suppressor Ul snRNAs (Uls) were

designed to suppress —4T, -3C and —2A STAT3 mutations in
the pET-STAT3 minigene. Each Uls harboured a single nu-
cleotide change in its 5’ end but otherwise was identical to the
endogenous wild-type U1l snRNA. These suppressor U1l snR-
NAs re-established base pairing for the respective STAT3 mu-
tant only if bound across the D1 (Supplementary Figure S1B).
All three U1 snRNAs rescued exon inclusion, although, Uls-
3C and Uls-2A did so only slightly but still significantly (Fig-
ure 4A). Molecular dynamics simulations supported the mini-
gene results and showed that suppression with Uls substan-
tially decreased average D1:U1 duplex RMSD only in the -4T
mutation (Supplementary Figure S4). Additionally, the RNA
duplexes formed by -3C (D1) and -2A (D1) STAT3 mutants
with their respective Uls showed similarly distorted struc-
tures to duplexes formed with endogenous Ul snRNA and
thus might explain the low observed rescue of -3C and -
2A mutants. The —=3C and —2A mutations also disrupted D1
dinucleotide which might further prevent progression to the
later spliceosomal complexes resulting in spliceosome disas-
sembly and high exon skipping even in the presence of sup-
pressor Ul snRNAs. Since all suppressor Ul snRNAs dif-
fered from endogenous U1 snRNA only in a single nucleotide
at the §' end, it is highly probable that it is the endoge-
nous wild-type Ul snRNA that binds to the STAT3 tandem
§’ss. Taken together, the information and results presented
so far—in silico predictions, molecular dynamics simulations,
single nucleotide mutations and their rescue by Uls, and high-
throughput experiments—can be best explained by the pres-
ence of only one functional binding site for endogenous Ul
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snRNA which is located directly on top of the D1 in the
STAT3 tandem donor 5’ss.

The binding position of U1 snRNA does not
regulate 5’ss choice within the tandem donor

As there is only one functional binding site for endogenous
U1l snRNA exactly at the D1, preferential D1 usage over D2
would be expected due to D2 being shifted three nucleotides
downstream. In reality, the D1 usage in the wild type STAT3
minigenes was only 22-24% (Figure 3D, E), which suggested
that the U1 snRNA binding site was not the main determinant
of 5’ss choice. To test how the exact U1 snRNA binding po-
sition affects the splicing in this tandem donor, we designed
shifted U1 snRNAs that bound to the region around the tan-
dem donor. All but one (Shift +3) of the shifted Ul snRNAs
were fully complementary (11 base pairs) to the pET-STAT3
sequence and the distances varied from —13 nucleotides up-
stream to +26 nucleotides downstream from the D1 (Figure
4B). The shifted Ul snRNAs were co-transfected with the —
4T mutant, instead of wild type STAT3 minigene. This exper-
imental setup enabled us to detect an increase in exon inclu-
sion upon successful shifted Ul snRNA binding. All shifted
U1 snRNAs rescued exon inclusion proportionally to its dis-
tance from the D1 up to 97%. None of the applied shifted U1l
snRNAs changed the D1 usage significantly, and in fact its us-
age stayed consistently around 18% in these experiments, vir-
tually the same as the -4T mutant (Figure 4D). Importantly,
the shift +3 Ul snRNA that imitated functional binding of
U1 snRNA directly on top of D2 (base pairing in D2:shift +3
U1 was equal to the D1:U1 wt) restored exon inclusion to
near wild type level but did not affect splice site choice. This
demonstrates that even if there was a functional binding of U1
snRNA at the D2 it would not affect the D2 usage.

To test if D1 usage is not generally dependent on the Ul
binding site, the L1 library was co-transfected separately with
three different artificial shifted U1 snRNAs and control Ul
snRNA (identical to endogenous Ul snRNA). These exper-
iments recapitulated the splicing pattern seen in the pET-
STAT3 minigene (Figure 4, Supplementary Figures S5, S6).
Specifically, for a given mutation, the D1 usage remained
virtually identical regardless of Ul snRNA binding position
(Supplementary Figure S6). Additionally, the changes in exon
inclusion seen in the individual HT experiments could not ex-
plain the changes in D1 usage (Supplementary Figure S7). This
strongly suggests that the functional Ul snRNA binding po-
sition does not regulate the 5’ss choice in the STAT3 tandem
donor site. Overall, all our experiments argue that the STAT3
tandem 5'ss is dependent on U1 snRNA that binds exclusively
to the D1 §’ss and that there is another mechanism that regu-
lates choice between D1 and D2.

The downstream regulatory region enables D2
usage

We hypothesized that splicing regulatory elements might be
involved in the 5’ss choice. To screen for potential splicing
elements, multiple large and small deletions were introduced
into the exon 21 and the downstream intron (Figure SA).
Only deletions targeting the immediate downstream region,
named downstream regulatory region (DSR), affected splic-
ing. These deletions (denoted DSR_del) did not affect exon
inclusion but greatly diminished the D2 usage (down to 0%)
suggesting this region is essential for the use of D2 but not
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for exon inclusion (Figure 5B, C). The inclusion of the exon
21 therefore does not seem to require additional splicing el-
ements. To better understand the importance of this region,
a new L2 library for HT analysis was generated by mutat-
ing positions from +9 to +19 in the pHT-STAT3 minigene
(Supplementary Figure S8A). The L2 library contained around
500 mutations, mostly double and triple substitutions, and
displayed highly variable D2 usage ranging from 0 to 92%
(Supplementary Figure S8B). For further analysis, we only
considered mutations with up to triple change. Exon inclu-
sion ranged only from 79.7% to 100% and did not correlate
with D2 usage (Supplementary Figure S8C). While only 10%
of mutations resulted in D2 usage higher than in the wild type,
51% of mutations showed a higher exon inclusion rate than
the wild-type minigene (Supplementary Figure S8B).

Single and double mutations in nucleotides +11 to +14
caused the biggest decrease in D2 usage, while most mutations
in positions +15 and further caused only little change in D2
usage (Figure 5D, E and Supplementary Figure S9B, C). Com-
paring the nucleotide frequency of two mutation subsets, the
top 10 and bottom 10 percentile based on D2 usage revealed
a strong preference for cytidine in the positions +13 and +14
and a preference for thymidine in positions +10 and +11
(Figure SE, F and Supplementary Figure S10). Nucleotide
over/under-representation in a particular position thus re-
flected a positive/negative preference for certain nucleotides
(Figure 5F). Most mutations in the positions +15 to +19 mod-
ulated the D2 usage only slightly (Supplementary Figure S9B,
C). Overall, these experiments demonstrate that, at least in the
presence of the wild-type D1, the DSR is essential for the D2
usage and that most introduced mutations decreased the D2
usage.

STAT3 tandem 5’ss is evolutionarily conserved

While little is known about the importance of this alterna-
tive splicing event in exon 21 in humans and other mam-
mals, and the role of the two protein isoforms, we have
some clues to think that it is essential for the proper func-
tion of STAT3 protein. The genomic alignment of 24 pri-
mate species and 16 non-primate mammalian species revealed
high evolutionary conservation in the last exonic nucleotides
and downstream intronic region (Supplementary Figure S19A,
B). There are occasional variations in positions -5, +3, +9
and +14 and substantial variation could be found in the fur-
ther downstream region starting at positions +15 and further
(Supplementary Figure S19A, B). Interestingly, all but one vari-
ation (=5G) in the region —6 to +19, that we could find in our
high-throughput data, showed no substantial change in exon
inclusion or D2 usage (£6%) (Supplementary Figure S19C,
D). However, since the pHT-STAT3 minigene used for high-
throughput analysis was more susceptible to exon skipping,
we expect that the —=5G should behave similarly to the -5C
which displayed wild-type-like exon inclusion (90%) in reg-
ular pET-STAT3 minigene. It is therefore highly possible that
the STAT3 tandem 5'ss is spliced similarly in all these mam-
mals and the expression of both transcript variants is some-
how important for general gene function.

The importance of distance between D1, D2 and
downstream regulatory region

We hypothesized that the distance between D1, D2 and the
DSR might affect the splicing of the tandem donor site. To
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Figure 5. Identifying D2 usage drivers by mutational analysis. (A) Deletions introduced into pET-STAT3 minigene. (B, C) Impact of deletions on splicing
isoforms and donor usage in pET-STAT3 minigene. ES, exon skipping; El, exon inclusion; I12R, downstream intron retention. Standard deviation calculated
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test this hypothesis, up to five nucleotides were inserted be-
tween these elements in the pET-STAT3 minigene so as not to
disturb the U1 snRNA and U6 snRNA base pairing (Figure
6A, Supplementary Figure S11). In the insGTA and insACT
mutants, three nucleotides were inserted between positions —1
and +1. This change increased the D1-D2 and D1-DSR dis-
tance by three nucleotides. No change in exon inclusion or in-
tron retention was observed, but both mutants showed com-
plete non-usage of the shifted D2 (Figure 6B and C). Next,
up to five nucleotides were inserted between intronic posi-
tions +7 and +8, which left the D1-D2 distance unchanged
but altered the D1-DSR and D2-DSR distance (Figure 6A,
Supplementary Figure S11). Again, no significant change in
exon inclusion or intron retention was observed, and all mu-
tations decreased the D2 usage substantially (Figure 6B, C).
The D2 usage gradually decreased down to 0% with an in-
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creasing insertion length. Overall, these experiments showed
that the distance between all three elements (D1-D2, D1-DSR
and D2-DSR) significantly affected the D2 usage.

Evidence for a novel non-canonical U6 snRNA
binding register that drives D2 usage

After the initial recognition of 5’ss by Ul snRNP, the Ul
snRNA interaction is replaced by U6 snRNA which ultimately
leads to spliceosome activation and definition of the 5'ss cleav-
age site (39). While multiple alternative pairing registers of U1l
snRNA with 5'ss have been reported (13-15), no alternative
pairing registers of U6 snRNA with §’ss have yet been de-
scribed. Human 5’ss consensus motif has another GT in po-
sitions +5 and +6 that base pairs with U6 snRNA positions
42 and 41, which is important for splice site choice (40,41).
Interestingly, the D2 in the STAT3 tandem donor has a GT
shifted one nucleotide upstream to the positions +4 and +5
(Figure 7A). All mutations in positions +4 and +35 significantly
decreased the D2 usage to nearly 0% (Figures 3D, 7C, E). This
was surprising, since even mutations +4A and +5G that intro-
duced consensus nucleotides into the D2 almost eliminated
the D2 usage. These results would make sense if U6 snRNA
nucleotides 42C and 41A (that usually base pair with donor
positions +5G and +6U) base paired with D2 positions +4G
and +5U in a non-canonical (NC) register (-1 nucleotide up-
stream) (Figure 7A). For this non-canonical pairing, the +4
and +5 positions already match the consensus 5’ss nucleotides
and any mutation in these positions would disrupt the U6
snRNA base pairing with the D2, thus decreasing its use.

To test the non-canonical register hypothesis, we designed
multiple artificial U6 snRNAs (artU6s) and applied them indi-
vidually to each +4 and +5 mutant. A group of artUés specific
for each mutant contained: at least one suppressor U6 snRNA
that re-established base pairing with the D2 in the NC regis-
ter (Supplementary Figure S12), one U6 snRNA that improved
base pairing with the D2 in canonical register and two non-
suppressor U6 sRNAs that should not rescue the D2 usage.
Compared to the endogenous U6 snRNA, all these artificial
U6 snRNAs harboured only a single nucleotide substitution
(Supplementary Figure S12). A particular artU6 can be con-
sidered a suppressor or non-suppressor depending on the +4
or +5 mutant it is applied to. All U6 snRNAs that have been
designed to suppress a specific mutation in the shifted regis-
ter successfully increased the D2 usage (P < 0.01) (Figure 7C,
E). Conversely, artU6s that improved the canonical base pair-
ing with the D2 in +4 and +5 mutants failed to improve the
D2 usage. When non-suppressor U6 snRNAs, which should
not impact D2 usage, were applied to appropriate +4 or +5
mutants, D2 usage remained unchanged except when U6 41C
was paired with a +5C mutation. In this case, the D2 change
was statistically significant (P < 0.01) but the magnitude was
much lower (+ 3.8% versus + 32% difference) than the sup-
pressor U6 41G. The low rescue of D2 usage by U6 42A in
the +4T mutant (Figure 7C) may be explained by a simulta-
neous increase in base pairing between the U6 42A and D1 in
the canonical register (Supplementary Figure S12B).

As failure to rescue the D2 usage can also result from non-
functional artU6 (e.g. insufficient incorporation into spliceo-
somes or defective interaction with other spliceosomal com-
ponents), the proper functionality of suppressor U6 snRNA
variants (U6 41 and U6 42) was tested. To this end, we mod-
ified the D2 intronic sequence (mD2) and forced canonical
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Figure 7. Rescue of +4 and +5 mutations in pET-STAT3 minigene by artificial U6 snRNAs. (A) Alignment and base pairing between endogenous U6
snRNA and the wild type STAT3. (B) Depiction of modified STAT3 tandem 5'ss and base pairing between endogenous wild type U6 snRNA and both
5’ss. Red letters denote introduced mutations from wild-type STAT3. (C, E) D2 usage rescue in +4 and +5 mutants. +4 or +5 mutant with no
overexpressed artU6 (orange bars), suppressor U6 snRNAs (black bars), artU6 that improve canonical base pairing in D2 (red bars), non-suppressor U6
snRNAs (grey bars). * P was generally < 0.01, in (G) P < 0.05. U6-41C was the only non-suppressor U6 snRNA that produced a statistically significant
(P < 0.01) change in D2 usage when applied to the +5C mutant. The magnitude of change was nevertheless much smaller than that produced by
suppressor U6-41G. (D) Testing the functionality of suppressor U6 snRNAs (mutants in positions 41 and 42) in modified mD2 STAT3 minigene. (F)
Depiction of potential extended base pairing between U6 snRNA and STAT3 tandem 5'ss. Rectangles denote positions that were mutated in suppressor
experiments. C, canonical register; NC, non-canonical register; I, G:C base pair; |, A:U base pair; », wobble base pair (i.e. G:U or G:\). (G) Suppression
of mutations in DSR by artificial U6 snRNA in the context of wild-type STAT3. * P-value < 0.05.
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alignment with endogenous U6 snRNA (Figure 7B). This mod-
ification distinguished D1 and D2 sequences, preserved similar
D2 usage and allowed us to attribute the changes in mD2 us-
age to changes in U6:mD2 base pairing. Figure 7D shows that
the application of all U6 41 and 42 mutants to this modified
minigene decreased mD2 usage, which was consistent with the
disruption of canonical alignment in mD2. Next, we intro-
duced the equivalent of +4 and +5 mutations into the mD2.
The mutations were now in positions +5 and +6 and disrupted
canonical U6 alignment. Importantly, all these suppressor U6
snRNAs robustly rescued the mD2 usage for the mutation
they were designed to suppress. This result was again consis-
tent with the improvement in mD2:U6 base pairing and con-
firmed that these artificial U6 snRNAs were functional.
Similarly, none of the artU6s used in these experiments im-
proved the D2 usage when co-transfected with the unmodified
pET-STAT3 wild-type minigene (Supplementary Figures S13,
S14). Additionally, suppressor U6 snRNAs that improved the
D2 donor usage in their respective mutants failed to signifi-
cantly improve the D2 usage in other mutants they were not
designed to suppress (Figure 7C, E). This indicates that the
rescue of D2 usage seen in +4 and +5 mutants after apply-
ing suppressor U6 snRNAs is specific for the mutation and
not due to a non-specific or global suppressor effect. These
experiments with artificial U6 snRNAs suggest that the D2 in
the STAT3 exon 21 employs a novel non-canonical interaction
with endogenous U6 snRNA to ensure its efficient usage.

Evidence for a functional extended base pairing
between U6 snRNA and D2

Recently, an extended base pairing between U6 snRNA and
5’ss has been demonstrated for MINX pre-mRNA using Cryo-
EM (42,43) (Figure 5G). In the structure of the human spliceo-
somal pre-catalytic B complex, the human U6 snRNA aligned
and base paired with the MINX §’ss up to the downstream
intronic position +17 (6AHD). This structure has also been re-
ported in the C* complex (44,45). However, the function and
importance of this extended pairing remain to be determined.
Based on the mutational analysis of DSR in STAT3, we identi-
fied a possible extended base pairing between U6 snRNA and
D2 (Figure SE, F). The proposed base pairing involves pre-
mRNA positions from +11 to +15 and U6 snRNA positions
from 36 to 32 (Figure 5G). Moreover, +9C and +10G muta-
tions also supported D2 usage (Figure 5F), which is consis-
tent with the creation of +9C:38G and +10G:37C base pairs.
We further observed that nucleotides supporting D2 usage in
pre-mRNA positions +9 to +14 could establish Watson—Crick
(WC) base pairing with U6 snRNA (Figure SE G). In dou-
ble substitutions, +9C and +10G mutants displayed the least
amount of detrimental effect on D2 usage compared to other
mutations in the same positions, which is consistent with new
C:G/G:C base pairing creation (Supplementary Figure S9).
Similarly, +13T and +14T mutations that replaced a C:G with
a wobble U:G base pair showed the least detrimental effect
on D2 usage (either separately or in combination with other
mutations) compared to other mutations in the same posi-
tions. To test the extended base pairing hypothesis, three dif-
ferent mutations (+12G, +13G and +14A) that disrupted WC
base pairing in U6:D2 and decreased D2 usage were sepa-
rately introduced into the pET-STAT3 minigene (Figure 7F, G).
These mutations could indeed be rescued by suppressor U6
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snRNAs (U6 35C, 34C and 33T) by restoring the disrupted
base pairing. In all three cases, the D2 usage was improved
in a statistically significant way. Finally, we tested whether
improvement in non-canonical U6:D2 interaction could res-
cue insertion or deletion mutations in the DSR. Indeed, the
D2 usage in compound mutants +5C insGAT and +5G ins-
GAT, which combined shifting of DSR (Figure 6B) and non-
canonical U6 snRNA interaction disruption (Figure 7E), could
partially be rescued by applying suppressor U6 snRNA (non-
canonical register) (Supplementary Figure S15). However, the
suppressor capacity of artU6 was lost following DSR deletion
(e.g. +5C DSR_del) (Supplementary Figure S15). These data
showed that improvement in base pairing in the non-canonical
U6:D2 register can partially rescue mutations in the DSR un-
less this region is completely disrupted. Based on this data,
we propose that the downstream regulatory region stabilizes
the U6:D2 non-canonical binding register by establishing ex-
tended Watson—Crick base pairing with U6 snRNA in the pre-
mRNA positions +11 to +14.

Discussion

Initially, splicing of tandem 5’ss and 3’ss used to be consid-
ered a simple noise tolerated by cells (46,47). However, func-
tional diversification in proteins encoded by both splicing iso-
forms (48) and high evolutionary conservation in flanking in-
tronic regions (49) point to the importance of these alterna-
tive splicing events. Recently, our group analysed the impact
of exact nucleotide composition on the splicing of A3 tandem
3’ss (NAGNAG) (50) and demonstrated that the NAG choice
is also affected by the upstream 5’ss sequence. In the current
study, we analysed the impact of nucleotide composition on
5’ss choice in the A3 tandem $§’ss. We presented an in-depth
splicing analysis of A3 tandem 5’ss in exon 21 of STAT3 and
provided evidence for a novel regulatory mechanism of 5’ss
choice.

Splicing of STAT3 tandem 5'ss might be
evolutionarily conserved

The sequence of STAT3 tandem 5’ss is evolutionarily
conserved in mammals and our high-throughput data
suggests that the splicing pattern might also be pre-
served (Supplementary Figure S19). Specifically, all varia-
tions and partially matching substitutions in the region -
6 to +19 showed wild-type-like exon inclusion and D2 us-
age (Supplementary Figure S19). Therefore, the mechanism
of STAT3 tandem 5'ss recognition and regulation might be
conserved in these mammalian species as well. For exam-
ple, mice and humans differ in three positions (+9C, +18G
and +19C) and have a very similar ratio of the A3 variants
(51). Interestingly, the ratio of STAT3 AS/S variants is re-
markably stable across 16 human tissues and is more con-
stant than the STAT3 o/ ratio which was reported to impact
tumorigenesis (52). Furthermore, re-expression of AS and S
isoforms in pairs (AS« + S or ASB + SB) or all four splic-
ing isoforms simultaneously led to better survival of the ABC
subtype of human diffuse large B-cell lymphoma cancer cell
line (ABC DLBCL) (19). This analysis suggests that the ex-
act ratio of AS/S is important for the basic function of all
cells.
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Role of endogenous U1 snRNAs in STAT3 tandem
5'ss

The binding of Ul snRNA to the §’ss motif is crucial for
the use of a given 5'ss as illustrated by the consensus motif
MAG/GTRAGT in humans. This should also be true for the
use of tandem 5'ss. Generally, in tandem donors, the 5'ss with
the best complementarity to the Ul snRNA is preferred (data
pulled from the database of tandem splice sites, TassDB2) (53).
Interestingly, the situation in human STAT3 tandem 5'ss is re-
versed and the D2 is used preferentially despite it being weakly
defined, as only the D1 has substantial complementarity to Ul
snRNA.

There are 16 variant Ul snRNAs (vU1) in humans (54,55).
Although expressed at very low levels in differentiated cells
(~0.02% of wild-type Ul snRNA), they are upregulated in
human embryonic stem cells (hESC) and were implicated in
the maintenance of pluripotency and pathology of neuro-
muscular disease (56). Six of these vU1s have unique vari-
ations in the 5" ends that base pair with §’ss and four of
those potentially improve base pairing with STAT3 D2 5'ss
(Supplementary Figure S18A and B). However, at best only
one additional base pair is created in D2:vU1 compared to
D2:U1 (wt) (Supplementary Figure S18C and D). The base
pairing in D2:vU1 is always predicted to be worse than in
D1:U1 (wt) duplex. Additionally, the situation for vUT1s is very
similar to the wild-type U1l snRNA because the base pairing in
D1:vU1 duplex is always predicted to be much better than in
D2:vU1. Importantly, co-transfection of shift +3 Ul snRNA,
which imitated functional binding of highly complementary
vU1 (equal to D1:U1 wt) directly on top of D2 did not affect
D2 usage at all (Figure 4). Therefore, variant U1 snRNAs are
not expected to play a role in splicing of STAT3 tandem 5'ss.

We ultimately provided evidence that endogenous wild-type
U1 snRNA most likely bound only to the D1 and was respon-
sible for recognizing the tandem $5’ss as one unit. This was
mainly argued by suppressor Ul snRNAs that rescued exon
inclusion by re-establishing base pairing with the D1 motif
(Figure 4A). In silico predictions, molecular dynamics simu-
lations and linear regression analysis of high-throughput mu-
tagenesis were also consistent with only a single functional
bindings site for endogenous U1 snRNA. Specifically, the ma-
jority of exon inclusion changes could be explained by changes
in D1 and not D2 §’ss strength (Supplementary Figure S3C
and D) as indicated by the MES score. Additionally, predicted
RNA secondary structure or changes in enhancer/silencer
properties at the tandem 5’ss sequence had very low explana-
tory power in general as well (Supplementary Figure S16 and
S$17). Further experiments with shifted U1 snRNAs confirmed
that the exact U1 snRNA binding position did not affect the
splice site choice in STAT3. Our findings are consistent with
the well-established notion that U1 snRNA only roughly de-
fines the 5'ss region and the cleavage site is then defined by
tri-snRNP components U5 and U6 snRNA (57-59). The flex-
ibility in the U1 snRNA binding to the 5’ss has previously been
proposed and demonstrated (11,13-15). Similar to our work,
shifted U1 snRNA binding was used to rescue the splicing of
several genes (60).

Novel non-canonical binding register between U6
snRNA and D2

While Ul snRNA binding to 5’ss can accommodate non-
canonical binding registers (13-15) the base pairing of U6
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snRNA and 5’ss was not thought to be very flexible as proper
alignment is crucial for splice site choice (40,57). Additionally,
intronic §’ss nucleotides +4U, +5G and +6U were confirmed to
form base pairs with U6 snRNA positions 49A, 48C and 47A
in yeast (corresponding to 43A, 42C and 41A in human U6
snRNA) (41,61). The 5'ss cleavage site always occurred 5 nu-
cleotides upstream from the +5G:48C (yeast) and +5G:42C
(human) 5’ss:U6 interaction. Recent Cryo-EM structures of
human spliceosome also reported canonical alignment for the
pre-mRNAs studied (39,42-45,62). However, these studies
used 5’ss that could not even theoretically establish a non-
canonical binding register with U6 snRNA. Here we pro-
vide the first evidence that the cleavage site can also occur
four nucleotides upstream from the proposed 5’ss:U6 42C
interaction.

Even though we did not directly assay the binding of U6
snRNA, our experiments with suppressor U6 snRNAs pro-
vide compelling evidence that the D2 employed a new non-
canonical binding register with U6 snRNA to ensure its proper
use. Firstly, mutations in the STAT3 D2 intronic positions +4
and +5 but not in the position +6 eliminated the D2 usage
(Figure 3E). Secondly, all artificial U6 snRNAs designed to
rescue the disrupted base pairing in the non-canonical regis-
ter improved D2 usage. Thirdly, these U6 snRNAs decreased
(or did not alter in one case) the D2 usage when applied to
wild-type STAT3 minigene, and to the modified D2, (Figure
7D and Supplementary Figure S14) demonstrating the sup-
pression was specific for mutations with disrupted D2:U6 in-
teraction. Lastly, all but one artificial U6 snRNA designed not
to improve the non-canonical pairing register indeed failed to
improve the D2 usage.

The overall shape (and not just the base pairing) of 5’'ss:U6
might be especially important near the catalytic centre of the
spliceosome due to multiple pre-mRNA, snRNAs and protein
interactions guiding the spliceosomal transitions and transes-
terification reactions (63,64)). A particular D2:U6 duplex con-
formation might therefore be required as the non-canonical
pairing register in STAT3 makes it more difficult for the pre-
mRNA to reach the catalytic centre. Specifically, if we consid-
ered the U6 snRNA structure unchanged, STAT3 D2 would
need one more nucleotide to physically reach the catalytic
centre as the D2:U6 interaction is essentially shifted by one
nucleotide.

Extended base pairing between U6 snRNA and
downstream regulatory region

Recent Cryo-EM structure of human spliceosomal pre-
catalytic B complex assembled on MINX pre-mRNA has
shown an extended base pairing between U6 snRNA and 5'ss
(42,43). This extended structure has also been reported in the
C* complex (44,45). The structure showed that the human U6
snRNA aligned with MINX 5’ss up to the +17 downstream in-
tronic position (6AHD). Interestingly, not all positions were
base paired or formed WC base pairs and the U6 snRNA
position C37 bulged out from the RNA-RNA duplex (Fig-
ure 5G). While the function and importance of the extended
pairing remain to be determined, there is evidence that the
increased U6 snRNA and 5’ss complementarity in the posi-
tions +8 and +9 does improve 5'ss use (57). As the dataset
of all human 5’ss shows no significant conservation past the
intronic position +6, we expect that the alignment and exact
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shape of the extended U6:5'ss duplex might change based on
the sequence identity of the 5'ss.

There are multiple lines of evidence showing that the DSR
in the STAT3 tandem 5'ss establishes extended base pairing
with U6 snRNA. The DSR is located in the same intronic re-
gion as the extended base pairing with U6 snRNA observed
in the Cryo-EM structure (42). Furthermore, mutational anal-
ysis of the DSR revealed a preference for CGTTCC in the po-
sitions +9 to +14 (Figure SF). This motif nicely corresponded
to a possible extended WC base pairing with U6 snRNA in
positions 33 to 38 (Figure 5G). This was further supported
by double substitutions in positions +9, +10, +13 and +14,
where mutations that introduced a new G:C or converted G:C
to G:U pair displayed the least amount of detrimental effect
on D2 usage compared to other mutations in the same posi-
tions (either separately or in combination with other muta-
tions) (Supplementary Figure S9). Overall, our data support
the presence of functional extended WC base pairing between
STAT3 D2 and U6 snRNA. We propose that this interaction
in the region from +11 to +14 further improves the stability
of the novel non-canonical D2:U6 interaction.

Splice site choice and competition between D1 and
D2

Both D1 and D2 lack G in their relative +5 intronic posi-
tion which predisposes them to be weakly recognized by U6
snRNA in a canonical register. Generally, this would result in
the inefficient conversion of pre-catalytic spliceosomal com-
plexes into catalytic ones as recognition of the intronic 5'ss
part by U6 snRNA is thought to trigger spliceosome activa-
tion (39). In D2, this is possibly offset by establishing non-
canonical U6:5'ss interaction and the presence of downstream
regulatory region. As a result, the D2 is the dominant 5’ss in
the STAT3 wild type. However, if either the non-canonical
binding register or DSR is disrupted, D1 outcompetes the
D2 completely. Recently, Artemyeva-Isman and Porter (59)
provided compelling evidence that the U5 and U6 snRNA
base pairing with human 5’ss cooperate to ensure proper
splice site recognition. The D1 can potentially establish more
consecutive base pairs with U6 snRNA than the D2 (5 ver-
sus 3) (Figure 7A). Additionally, the D1 possibly establishes
more WC base pairs with U5 snRNA than the D2 (2 versus
0). Therefore, possibly better U5 and U6 snRNA interaction
with the D1 might explain the competitive advantage of D1
over D2 in the absence of non-canonical U6 pairing and/or
DSR.

Finally, our data suggest a mechanism of splice site choice
in the STAT3 as well. Exon inclusion in single nucleotide sub-
stitutions in the D1 dinucleotide could not be rescued by
shifted Ul snRNAs as effectively as in substitutions in D2
dinucleotide or other positions (Supplementary Figure S5). As
suppression with one particular shifted U1 snRNA should ide-
ally result in similar rescue across various mutations, it follows
that D1 dinucleotide disruption further prevents the use of
both splice sites by inducing exon skipping. The importance
of D1 for D2 usage was also supported by insGTA mutation
(Figure 6). In the insGTA mutation, the D2 was not utilized
even though the D2 motif was essentially unchanged (only
moved by three nucleotides downstream). This again showed
that some sort of interaction between D1 and D2 is required
for proper D2 use. Based on this, we propose that, in the wild
type STAT3, the tri-snRNP interacts initially with the D1 mo-
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tif which then enables the use of the D2. Interestingly, one of
the earliest steps where the initial selection of §’ss in STAT3
could happen is during the pre-B to B spliceosomal complex
transition. During this phase, the 5’ss is transferred from Ul
snRNA to the mobile ACAGAGA loop of U6 snRNA and
other nearby spliceosomal components such as U5 snRNA
loop 1 and specific residues in hPrp8 (39,42). The 5'ss that is
closest to these recognition elements, in this case the D1, might
initially be preferentially selected. However, our experiments
with shifted U1 snRNAs argue against simple proximity-based
selection of 5’ss (Figure 4B, D). For example, shift U1 snRNAs
(+3, +6, +9 and +12) that changed the proximity of tandem
5’ss to the U6 snRNA did not affect the 5'ss selection or exon
inclusion. We suggest that the initial and ultimate 5'ss selec-
tion is based on the affinity of either 5'ss to the tri-snRNP
and is modulated by distance between these two 5’ss. We sug-
gest that tri-snRNP is initially bound to the D1 due to the
stronger D1:U5 snRNA/snRNP interaction and the D1 to D2
shift happens due to the combination of novel non-canonical
U6 snRNA interaction and the DSR. Additionally, other pro-
teins, such as hDim1, FBP21, Prp38 and Snu23 that contact
the newly formed U6:5'ss duplex in the B spliceosomal com-
plex might also contribute to the splice site choice, possibly by
regulation of other spliceosomal proteins such as hBrr2 heli-
case (42,65).

Our work provides evidence that the 5'ss:U6 interaction is
much more flexible than previously thought and can poten-
tially accommodate a non-canonical binding register if specific
conditions are met. We hypothesize that U5 and U6 snRNA
explore multiple alignments and binding registers with pre-
mRNA, pick the 5'ss that is most suitable for catalysis and
neglect the other.
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