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Most human pathogenic mutations in 5′ splice sites affect the canonical GT in positions +1 and +2, leading to noncanon-

ical dinucleotides. On the other hand, noncanonical dinucleotides are observed under physiological conditions in ∼1% of

all human 5′ss. It is therefore a challenging task to understand the pathogenic mutation mechanisms underlying the con-

ditions under which noncanonical 5′ss are used. In this work, we systematically examined noncanonical 5′ splice site se-

lection, both experimentally using splicing competition reporters and by analyzing a large RNA-seq data set of 54

fibroblast samples from 27 subjects containing a total of 2.4 billion gapped reads covering 269,375 exon junctions.

From both approaches, we consistently derived a noncanonical 5′ss usage ranking GC>TT>AT>GA>GG>CT. In

our competition splicing reporter assay, noncanonical splicing was strictly dependent on the presence of upstream or

downstream splicing regulatory elements (SREs), and changes in SREs could be compensated by variation of U1

snRNA complementarity in the competing 5′ss. In particular, we could confirm splicing at different positions (i.e., −1,
+1, +5) of a splice site for all noncanonical dinucleotides “weaker” than GC. In our comprehensive RNA-seq data set

analysis, noncanonical 5′ss were preferentially detected in weakly used exon junctions of highly expressed genes.

Among high-confidence splice sites, they were 10-fold overrepresented in clusters with a neighboring, more frequently

used 5′ss. Conversely, these more frequently used neighbors contained only the dinucleotides GT, GC, and TT, in ac-

cordance with the above ranking.

[Supplemental material is available for this article.]

Eukaryotic pre-mRNA contains introns that are removed prior to
nuclear export by the splicing process, where splice sites, con-
served sequence elements at the exon/intron boundaries, are rec-
ognized by the spliceosome.

The vast majority (>99%) of all introns are excised by the ma-
jor or U2-type spliceosome, associated with amultitude of accesso-
ry proteins (Wahl et al. 2009), and most of these introns are
delimited by GT-AG dinucleotides. The U2-type spliceosome rare-
ly also recognizes introns flanked by AT-AC dinucleotides (“AT-AC
II introns”) (Wu and Krainer 1997). Another rare class of introns
(∼0.4%) are removed by the minor U12-type spliceosome (Hall
and Padgett 1994, 1996; Turunen et al. 2013) that also recognizes
GT-AG or AT-AC (“AT-AC I introns”) (Wu and Krainer 1997) dinu-
cleotides (Patel and Steitz 2003) togetherwith their distinct branch
point sequence (Hall and Padgett 1994; Alioto 2007).

Hybrid introns, displaying AT-AGdinucleotides, cannot a pri-
ori be assigned to either U2- or U12-type. However, hybrid introns
are more likely recognized by the U2-type spliceosome, since U1

and U2 snRNP can bind independently to a 5′ or 3′ half-substrate
(Barabino et al. 1990; Michaud and Reed 1993; Tarn and Steitz
1995). In contrast, U12-dependent splicing requires concurrent
recognition of the 5′ splice site (5′ss) and the branch point se-
quence (BPS) by the U11/U12 di-snRNP complex (Frilander and
Steitz 1999).

Finally, at least ∼0.9% of all human introns contain 5′ss with
GC or, to a much lesser extent, other noncanonical dinucleotides
in positions +1/+2 (Sheth et al. 2006). Efficient excision of introns
containing 5′ss with noncanonical dinucleotides have been re-
ported (e.g., Twigg et al. 1998; Brackenridge et al. 2003). Although
most human GT>TT 5′ splice site mutations disrupt splicing
(Krawczak et al. 2007), low activation of a noncanonical TT site
was associated with milder clinical disease manifestation in Fan-
coni Anemia C patients (Hartmann et al. 2010), underlining the
clinical importance of noncanonical splice site recognition.

Extensive sequence complementarity between splice junc-
tions in hnRNA molecules and the nucleotide sequence at the
5′ end of U1 snRNA was already observed decades ago (Lerner
et al. 1980; Rogers and Wall 1980). These seminal observations
were encouraging for numerous biochemical and biological
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experiments demonstrating that indeed U2-type spliceosome as-
sembly begins with RNA duplex formation between the free 5′

end of U1 snRNA and the 5′ss sequence (Aebi et al. 1986, 1987;
Zhuang and Weiner 1986; Siliciano and Guthrie 1988). Beyond
the 5′ss consensus sequence, nucleotide complementarity in posi-
tions +7 and +8 can also contribute to splicing efficiency (Kammler
et al. 2001; Freund et al. 2003, 2005) and compensate for lack of
complementarity in the three exonic positions (Hartmann et al.
2008). U1 snRNA complementarity was also found to be a major
determinant for 5′ss selection in competition experiments com-
paring a reference site with various test sites at a fixed position
(Eperon et al. 1986; Nelson and Green 1990). Beyond sequence
complementarity to U1 snRNA, Zhuang and Weiner (1986) envi-
sioned that RNA duplex formation could be mediated by protein
factors in a compensatory way. In fact, nuclear serine- and argi-
nine-rich phosphoproteins (SR proteins) were found to support
in vitro pre-mRNA splicing (Fu et al. 1992; Mayeda and Krainer
1992). Exonic mutations were shown to cause alterations in verte-
brate splicing patterns, leading to the identification of short pu-
rine-rich sequences stimulating splicing even in a heterologous
context (Watakabe et al. 1993; Xu et al. 1993). Lavigueur et al.
(1993) identified SR proteins as trans-acting factors binding such
short purine-rich stretches. Taken together, U1 snRNA duplex
stability determines splicing efficiency in concert with adjacent
splicing regulatory elements (SREs), acting in a position-depen-
dent manner (Erkelenz et al. 2013a).

Recent availability of transcriptome-wide (“gapped”) exon
junction reads provides increasing data volume on noncanoni-
cal introns. There are several caveats, however. First, introducing
quality scores is necessary to reduce the large proportion of false
positive exon junction reads contained in raw transcriptome
data (Kaisers et al. 2017b). Second, in order to detect noncanonical
sites, it is important to use aligners like STAR, which do not rely
upon specific intron flanking dinucleotides and do not require
previous splice site annotation (Dobin et al. 2013). In a recent
human transcriptome-wide study using the second-generation
splice detection algorithm MapSplice (Wang et al. 2010; Parada
et al. 2014), a comprehensive overview of high-confidence non-
canonical introns was presented; 51% of these splice sites were
not previously annotated, and noncanonical 5′ss frequencies
were consistent with current Ensembl data.

In the present study, we analyzed noncanonical 5′ss usage
both in a splice site competition assay and in a large data set of
54 human fibroblast samples with 2.4 billion exon junction reads.
In the splice site competition assay, we systematically examined
the impact of competing 5′ss U1 snRNA complementarity and
presence of upstream and downstream SREs on noncanonical
5′ss recognition.

Results

Competition assay for determining noncanonical 5′ss efficiency

To experimentally examine noncanonical 5′ss usage, we designed
a competition splicing assay comparing noncanonical 5′ss with
several canonical 5′ss of different strengths. The GT dinucleotide
in intron positions +1/+2 is highly conserved in 5′ss across virtual-
ly all eukaryotes (Collins and Penny 2005) and plays a critical part
in correct splice site recognition. Examining noncanonical splic-
ing, we therefore chose the minimal change from the canonical
consensus sequence and varied only a single nucleotide in one
of these GT positions.

More specifically, we used a splicing reporter containing
one noncanonical 5′ss separated by a 16-nt-long neutral spacer
sequence from the competing canonical site that could be addi-
tionally activated by downstream TIA1 binding sites (Fig. 1A).
HEK293T cells were transiently cotransfected with each of one of
the splicing reporters and the expression plasmid pXGH5 (growth
hormone 1, GH1) to allow monitoring transfection efficiencies.
Thirty hours post transfection, total RNA was isolated and ana-
lyzed by semiquantitative RT-PCR to estimate splicing activity
(Fig. 1B).

When the noncanonical 5′ss were tested against a very
weak canonical site with an HBond score (HBS) (Supplemental
Methods) of 10.4 in the absence of a downstream splicing en-
hancer, noncanonical 5′ss activation could be observed with
varying efficiencies for all noncanonical 5′ss (Fig. 1B, upper pan-
el, lanes 1–7). From the band intensities we could tentatively
rank the noncanonical 5′ss usage in the following order: GC>
TT≈AT>GA>GG>CT. In order to examine this ranking more
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Figure 1. Competition assay for determining noncanonical 5′ss efficien-
cy. (A) Schematic of the HIV-1-based splicing reporter containing the dif-
ferent competitive splice site pairs. Sequence variations (denoted by
“NN”) and HBond scores (https://www2.hhu.de/rna/html/hbond_score.
php) of the competing canonical splice sites are indicated below.
Enhancer repeats are highlighted in yellow (SRSF7) or blue (TIA1). (B,C )
RT-PCR analyses of spliced reporter mRNAs. All splicing reporters in B con-
tained SRSF7 splicing enhancer repeats, and the presence or absence of
TIA1 repeats is indicated above each panel. Splicing reporters in C con-
tained both SRSF7 and TIA1. (C ) The comparison of two noncanonical
5′ss, inserted at the positions of “test” and “competing” 5′ss in A. (u)
Upstream site; (d) downstream site. To monitor transfection efficiency,
2.5 ×105 HEK293T cells were transiently transfected with 1 µg of each:
the respective HIV-1-based splicing reporter and pXGH5 (expressing hu-
man growth hormone 1 [GH1]). RNAwas extracted 30 h post transfection
and subjected to RT-PCR analysis as described inMethods. All experiments
were performed in triplicates (Supplemental Fig. S6).
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precisely, we systematically varied the competing 5′ss strength
using different splice site sequences and downstream splicing
enhancers.

In the presence of downstream TIA1 binding sites, we ob-
served a complete splice site switch from GG, and CT to the com-
peting canonical 5′ss, and an almost complete switch from GA,
while the noncanonical GC, TT, and AT splice sites were still exclu-
sively used (Fig. 1B, upper panel, lanes 8–14).

Substituting the weak (HBS 10.4) canonical 5′ss by a slightly
stronger one (HBS 12.2), in the absence of downstream TIA1 bind-
ing sites, we observed the same splice site switch pattern as in the
presence of TIA1 and theweaker 5′ss (Fig. 1B, cf. upper panel, lanes
8–14,withmiddle panel, lanes 1–7), consistentwith the above ten-
tative ranking of noncanonical 5′ss.

In particular, the similarity of splice site switch patterns
suggested comparable effects on splice site usage of either the
downstream TIA1 binding sites or an increase in U1 snRNA com-
plementarity of the competing 5′ss (HBS difference 1.8 =12.2−
10.4).

To further differentiate between the efficiencies of nonca-
nonical 5′ss GC, TT, and AT, which could not be resolved in the
previous experiments, we supported splicing at the competing ca-
nonical 5′ss (HBS of 12.2) by adding downstream TIA1 binding
sites. For the noncanonical AT 5′ss, splice site usage mostly
switched to its canonical competitor, whereas the TT splice site
was used more than the competing 5′ss. Finally, almost no switch
from the GC splice site was observed, indicating the ranking GC>
TT>AT (Fig. 1B, lower panel, cf. lanes 10,12,13).

For a crisper differentiation between the noncanonical 5′ss
GC and TT, we substituted a competing canonical 5′ss of HBS
15.2 in the absence of any downstream TIA1 binding sites.
Indeed, we observed a prominent splice site switch from TT but
not GC to its competing canonical 5′ss, while the full complemen-

tarity reference GT splice site, as expected, did not switch at all (cf.
Fig. 1B, lower left panel, lanes 3,5).

Furthermore, the effects on splice site usage were stronger for
the HBS 15.2 splice site than for the HBS 12.2 (HBS difference 3)
splice site supported by additional downstream TIA1 binding sites,
consistent with the previous observation that the TIA1 effect is
comparable to an increase in U1 snRNA complementarity corre-
sponding to an HBS difference of 1.8. Note that the 5′ss substi-
tution from HBS 12.2 to HBS 15.2 was obtained by a single
nucleotide change, inducing a stronger effect on splice site usage
than adding four downstream TIA1 binding sites.

Finally, in order to directly compare GC, TT, and AT sites with
each other, we tested all six pairwise combinations of these three
noncanonical 5′ss CAG NNAAGTAT in the same assay (Fig. 1A),
where both competing 5′ss were potentially activated by upstream
SRSF7 and downstream TIA1 binding sites. In agreement with the
previously determined ranking, we found GC>TT, TT>AT, and
GC>AT in both available positions (Fig. 1C). Taken together, non-
canonical 5′ss efficiency was ranked GC>TT>AT>GA>GG>CT.

Greater enhancer dependency for noncanonical 5′ss than
for canonical 5′ss

In the preceding section, we examined noncanonical 5′ss usage in
a two-splice-site competition assay. The noncanonical 5′ss we
chose had full complementarity to U1 snRNA except in one of
the positions +1/+2, and therefore possibly contained additional
GT dinucleotides in positions −1/+1 (for TT splice sites only) and
+5/+6. In the next step, we applied the concept of splice site com-
petition at these different splicing positions in the presence and
absence of the splicing enhancers SRSF7 and TIA1, using the
same splicing reporter as before, but without the second splice
site and its separating neutral spacer sequence (Fig. 2A). In order
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Figure 2. Noncanonical 5′ss exhibit a greater enhancer dependency than canonical 5′ss. (A) Schematic of the HIV-1 minigene containing a single non-
canonical splice site. Experimentally found splicing registers (−1, +1, +5) are indicated by arrows. Yellow and blue boxes represent upstream (SRSF7) or
downstream (TIA1) enhancer repeats. (B) Activation of splice sites in presence or absence of splicing enhancers. RT-PCR analysis was carried out as described
before. Used splicing registers (R) are given below the gel image. All experiments were performed in triplicate (Supplemental Fig. S6). (C) Splicing positions
mapped by sequencing of the extracted RT-PCR products (for a complete overview, see Supplemental Fig. S1).
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to identify the accurate splicing position with single nucleotide
precision, we extracted the PCR products from the gel and se-
quenced them (Fig. 2C; Supplemental Fig. S1).

The fully complementary canonical 5′ss withGT both at posi-
tions +1/+2 and +5/+6was used even in the absence of any enhanc-
er, and its usage still increased when it was supported by either
SRSF7 or TIA1, or both (Fig. 2B, cf. lanes 1 with 2–4). In all events,
splicing occurred exclusively at position +1 (Supplemental Fig. S1).

Contrary to the canonical splice site, all noncanonical 5′ss
seemed to be strictly enhancer-dependent: Almost no splicing
was detected in the absence of SRSF7 and TIA1 if one nucleotide
in position +1 or +2 was changed, confirming the special impact
of the canonical GT dinucleotide (Fig. 2B, cf. lanes 5,9,13,
17,21,25). This is in agreement with the finding that by far most
known disease-causing single base-pair substitutions in 5′ss of hu-
man genes occur in one of these two positions (Krawczak et al.
2007).

The noncanonical GC splice site was very weakly used in the
absence of SREs and could be strongly activated by either SRE: TIA1
or SRSF7, while splicing occurred exclusively at position +1 (Fig.
2B, cf. lanes 9–12).

The noncanonical 5′ss TT, AT, and GA were activated by the
stronger enhancer SRSF7 but not by the weaker TIA1 alone (Fig.
2B, cf. lanes 6,7,18 with 19,22,23) (Erkelenz et al. 2013a). Beyond
splicing at the noncanonical dinucleotides in positions +1/+2, dif-
ferent positionswere additionally activated in the presence of both
SREs: −1 for the TT site; +5 for the AT and GA sites. Note, however,
that for the TT site position, −1 was also activated by SRSF7 alone.

The noncanonical 5′ss GG and CTwere only considerably ac-
tivated in the presence of both SRSF7 and TIA1. SRSF7 alone only
led to weak splicing activity: at position +1 for GG, but at the com-
peting GT in positions +5/+6 for CT.

Taken together, ranking noncanonical 5′ss according to their
degree of dependence on the splicing enhancers SRSF7 and TIA1,
we obtained the order GT>GC> (TT, AT, GA) > (GG, CT), consis-
tent with the ranking obtained before. All splice sites except TT
spliced exclusively at a single position (“accurate splicing”) in
the presence of SRSF7, whereas additional insertion of TIA1 bind-
ing sites could lead to inaccurate splicing at an additional position.
Independent of SREs, the noncanonical TT site, however, was al-
ways spliced inaccurately at both positions −1 and +1, but not at
+5 (Fig. 2B, cf. lanes 18–20). This may be due to a property of the
splice site sequence CAG TTAAGTAT in our assay: It contained a
G in −1 and thus GT dinucleotides at both −1/+1 and +5/+6,
and may also form a U1 snRNA duplex by bulging out a single nu-
cleotide (Roca et al. 2012; Tan et al. 2016). We hypothesize that
this splicing outcome is the result of a competition between splice
site recognition by U1 snRNA duplex formation with the non-
bulged (10 complementary nucleotides) or bulged sequence (11
complementary nucleotides) in the presence of this favorable
SRE constellation.

Collectively, these results demonstrate that (1) an environ-
mental enrichment of splicing enhancers positively correlates
with the overall splicing activation of both canonical and in partic-
ular noncanonical splice sites, and that (2) the used splicing posi-
tion is the result of 5′ss recognition by U1 snRNA base-pairing and
the supporting splicing regulatory elements.

Accuracy of noncanonical TT splicing

In order to examine the competition between splicing positions
−1 and +1 in noncanonical TT splicing, we selected the human

pathogenic FANCC (FA complementation group C) exon 2 splice
site mutation c.165+1G>T (Hartmann et al. 2010; Roca et al.
2012). We tested a set of eight noncanonical TT splice site varia-
tions, downstream from the previously used SRSF7 binding sites
in a splicing reporter containing two weak intronic cryptic 5′ss
(c1: HBS 7.6 and c2: 12.3) (Fig. 3A).

All eight variations contained a TT dinucleotide in +1 and +2
and corresponded to the sequence pattern “..G TTAAG.Ag” (Fig.
3B,C). Four splice site variations contained a second GT in +5/
+6, and splicing efficiency was further varied through nucleotides
−3 and −2.

The TT site CAG TTAAGTAg with the largest set of U1 snRNA
complementary nucleotides was “inaccurately” spliced at both po-
sitions −1 and +1 (Fig. 3B, lane 3, and 3D, middle), similar to CAG
TTAAGTAT in the splicing reporter used in Figure 2B (cf. lane 18).
ReducingU1 snRNA complementarity further by variation of posi-
tions −3 and −2 but keeping the second GT in +5/+6 activated ac-
curate splicing only in position +1 (Fig. 3B, lanes 2,4,5 and, e.g.,
3D, left), together with weak coactivation of a cryptic 5′ss (Fig.
3B, lane 5). No splicing in position +5 could be observed, however.

The remaining four variations, which did not contain a sec-
ond GT in +5 and +6, exhibited either inaccurate TT splicing
(Fig. 3B, lanes 6,7,9 and, e.g., 3D, right) or completely switched
to the cryptic splice sites (Fig. 3B, lane 8). Therefore, accurate

A

B C

D

Figure 3. Accuracy of noncanonical TT splicing. (A) Schematic of the
splicing reporter containing the human FANCC exon 2 splice site and
two weak cryptic splice sites (c1/c2) in the downstream intron. Exonic
SRSF7 enhancer sites are indicated by yellow boxes. (B) Different splicing
positions (R) obtained by variations of the TT splice site sequence. RT-
PCR analysis was performed as described before. All experiments were per-
formed in triplicate (Supplemental Fig. S6). (C) TT splice site sequences
from B, lanes 2–9. The human pathogenic FANCC exon 2 c.165 +1G>T
splice site is shown in lane 2. (D) Exemplary splicing positions mapped
by sequencing of the extracted RT-PCR products.
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noncanonical TT splicing at +1 seemed to be dependent on a sec-
ondGT in +5 and +6 and suboptimal U1 snRNA complementarity.

This dependence could be confirmed for two naturally occur-
ring noncanonical TT splice sites in the human genes FBXO9 (F-
box protein 9) and ETV1 (ETS variant 1) (Parada et al. 2014), trans-
ferred to the same splicing reporter. The TT site aAG TTAAGTAT
(FBXO9) activated TT splicing at both positions −1 and +1, where-
as the site aAG TTAAGTtg (ETV1) with fewer complementary nu-
cleotides exclusively activated +1 (Supplemental Fig. S2).

In previous careful and thoroughly carried out analyses, Roca
et al. (2012) found the FANCC TT splice site atG TTAAGTAg to be
exclusively spliced at GT in positions −1 and +1, however in the
context of a different splicing reporter. With the splicing reporters
used here, we never observed exclusive GT splicing at −1 in any of
the TT sites.

However, using a different splicing reporter with a designer
exon (Fig. 4A–C; Brillen et al. 2017) containing two SRSF7 binding
sites upstream of the noncanonical TT 5′ss CAG TTAAGTGT, we
could also observe nearly exclusive splicing at the GT in position
−1 (Fig. 4C, lane 2 and 4D, 2), when a second, weak, U1 binding
site AACGTACGCAG (BsiWI−8/−7 GT) was located 8 nt upstream
without being used. This could be due to repeats of the splicing
neutral CCAAACAA octamer sequence (Zhang et al. 2009), which
were inserted as spacers into the designer exon. Concatenating this
octamer with itself created a “CANC” motif at the border, which
could serve as an SRSF3 binding site (Hargous et al. 2006). To inves-
tigate the impact of SRSF3 binding at the CAAC site overlapping
with the BsiWI −8/−7 GT site, we substituted the first cytosine
(Fig. 4B, and 4C, lane 3) by adenosine, resulting in first usage of
the weak BsiWI −8/−7 GT site (HBS 9.3) and enhanced usage of
the upstream splice donor c1 (cf. Fig. 4C, lanes 2,3). This was in-
deed confirmed using a QIAxcel DNA screening cartridge clearly
separating two bands for both BsiWI −8/−7 GT and noncanonical
TT splicing (Fig. 4C, top).

The shift to c1 was further enhanced by mutating the next
nearest upstream SRSF3 binding site, consistent with reduced si-
lencing of upstream5′ss c1 (Erkelenz et al. 2013a), and it seemingly
occurred at the expense of both BsiWI −8/−7 GT and noncanoni-
cal TT site usage (cf. Fig. 4C, lanes 2–4). Sequencing confirmed in-
deed that the splicing pattern switched fromnearly exclusive−1 in
lane 2 to a mixture of −1 and BsiWI −8/−7 GT usage in lane 3 (Fig.
4D, 2 and 3).

To further investigate splicing at the noncanonical TT site,
the BsiWI site was altered by a single nucleotide substitution, re-
sulting in BsiWI −8/−7 GT>CT. As expected, in this competition
situation between a very weak noncanonical CT and a TT site
with high U1 snRNA complementarity, we observed splicing ex-
clusively at the TT site (QIAxcel) (Supplemental Fig. S3). Similar
to the original BsiWI −8/−7 GT site, we observed an increase in
c1 usage upon inactivation of one or both SRSF3 binding sites
(Fig. 4C, lanes 5–7).

Sequencing analysis showedmixed usage of both splicing reg-
isters at −1 and +1 in the absence of competing BsiWI 5′ss usage
(either −8/−7 GT masked by SRSF3 binding or −8/−7 GT>CT).
We could only find nearly exclusive use of the −1 register in the
TT site, if BsiWI −8/−7 GT was actually used (Fig 4D, 3 and 4).

Finally, we confirmed our hypothesis that SRSF3 binding can
compete with U1 snRNP binding using an RNA affinity chroma-
tography assay. In order to optimize U1 snRNP binding, we used
the high U1 snRNA complementarity CT site CAG CTAAGTAT
containing the CAGC binding motif for SRSF3 as in our experi-
ments shown in Figures 1 and 2. Indeed, Figure 4E demonstrates

U1 snRNP binding at the GT site, but not at the CT site, while
SRSF3 was found strongly bound to the CT site. This confirms ac-
tual binding of SRSF3 to the CAGC motif overlapping the CT site,
and thus competition with U1 snRNP binding to this same site,
which may in fact explain why highly complementary CT sites
were the weakest of all tested noncanonical 5′ splice sites.

These findings are in line with our results (Fig. 2) that not
only overall splicing activity, but also the precise splicing position
can be affected by flanking splicing enhancers and sequence
environment.

RNA-seq data

Complementing our experimental approach, we examined actual
noncanonical 5′ splice site usage reflected in our large human
RNA-seq transcriptome data set of 54 human fibroblast samples
taken from 27 subjects (14 male; 18 samples in each of the three
age groups 18–25, 35–49, 60–67) (see Kaisers et al. 2017a). To
obtain a measure for 5′ss usage, we extracted gapped reads span-
ning exon junctions, which we simply denote as “reads” in the
following.

In order to focus on 5′ss and reduce additional variability
by noncanonical 3′ss, we only analyzed exon junctions with ca-
nonical Ensembl annotated AG-type acceptor sites. To retain con-
firmed 5′ss and suppress false positive events (biological noise), we
furthermore excluded exon junctions with fewer than 11 reads,
leaving us with 2,369,936,633 reads covering 269,375 exon junc-
tions in 18,633 unique genes expressed in these fibroblast samples.
Of these, 125,498 exon junctions (46.5%) from 12,204 genes
(65.5%) were detected in all 54 samples; 54% of all exon junctions
and 99.4% of associated reads occurred in 50 or more samples.

As an alternative to U1 and U2 snRNP, U11/U12 splicing ma-
chinery is used in noncanonical splicing. This minor spliceosome
mainly excises AT-AC and AT-AG introns, and its 5′ splice sites fre-
quently share an ATATC motif at position +1. For an adequate
comparison with our splicing reporter experiments, which only
support U1 snRNA-dependent splicing, we excluded 15 presumed
minor spliceosome 5′ss containing an ATATC motif, which on
average occurred in 41 samples, from our transcriptome data anal-
ysis. Next, we present data on the remaining 269,360 exon junc-
tions. Table 1 presents an exon junction and 5′ss overview of our
RNA-seq data.

Gene expression and detection level: profiles of the top 10 exon

junction reads in a gene

In any given cell type (here, fibroblasts), individual genes have dif-
ferent expression levels. In order to compare splice site usage across
genes, detected exon junction reads need to be separately normal-
ized within each gene by the expression level of this particular
gene in the studied cell type.

To obtain estimates for gene expression, we determined the
maximum number of reads on a single exon junction for each of
the 18,633 genes (maximum reads in gene [MRIG]). The MRIGs
obeyed a long-tailed distribution with a maximum of 5.4 ×106

and a median of 2859 reads (Fig. 5A). There were very few highly
expressed genes: 499 genes (2.7%) had a maximal exon junction
with more than 100,000 reads and 5051 genes (27.1%) with
more than 10,000 reads on the most detected exon junction. At
low expression levels, 6974 genes (37.4%) had a maximal exon
junction of less than 1000 reads.

In the next step, we examined if all or most exon junctions in
a specific genewere detected at similar levels, i.e., with similar read
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numbers. For each gene, we therefore determined its “exon junc-
tion read profile” from its top 10 exon junction reads, normalized
by its MRIG. The average gene profile (mean± standard deviation)
shown in Figure 5B gradually declined from 80% of MRIG for the
second highest reads in 16,739 genes to 36% for the tenth highest

reads in 10,277 genes with at least 10 exon junctions. This decline
is in part due to occurrence of “noisy” exon junctions with very
few reads and probably reflects variance introduced through
both alternative splicing events and nonuniform exon junction
detection by deep sequencing. Moreover, it implies that there is

B

D

A

C

E

Figure 4. Upstream SREs and a second GT at positions −8 and −7 affect the accuracy of TT splice site usage. (A) Overview of the used designer exon
splicing reporter containing either five repeats of the splicing neutral sequence CCAAACAA (white boxes) or two SRSF7 binding sites (yellow box). The
underlined bases represent CANC motifs, which arise from concatenating CCAAACAA and can serve as SRSF3 binding sites. (B) Sequences of the exon–
intron border in the different designer exon variants. Lane numbers correspond to C and D. Potential SRSF3 binding sites are underlined. Sequence
and HBond score of the U1 binding site at position −8 (bold GT) are shown below. Splicing registers at the noncanonical TT are indicated by −1 and
+1. (C ) HeLa cells were transfected with 1 µg of each of the depicted constructs and 1 µg of GH1, which was used as transfection control. Twenty-four
hours post transfection, total RNA was isolated, reverse transcribed, and amplified with specific primer pairs: (DE) #2648/#2649; (S) splice site usage;
(c1) c1 usage; (ES) exon skipping; (GH1) #1224/#1225. PCR products were separated either on a 10% PAA gel (bottom), or for higher resolution, on a
QIAxcel DNA screening gel cartridge (top). (D) Sequencing results of the splice site usage shown in C. PAA bands were isolated, reamplified with the primer
pair #2648/#2649, and sent to sequencing analysis using primer #2648. Blue shades in the sequencing chromatogram represent sequencing uniqueness,
and black lines roughly indicate the level of alternative splice site usage. (E) The noncanonical CT splice site sequence CAGCTAAGTAT (cf. Figs. 1, 2) recruits
SRSF3 in competition with U1 snRNA binding. In an RNA affinity chromatography assay, substrate RNAs containing a bacteriophage MS2 sequence and
either canonical GT or noncanonical CT splice site sequences with otherwise full U1 snRNA complementarity were covalently linked to adipic acid dihy-
drazide-agarose beads (AB) and incubated with HeLa cell nuclear protein extract. Recombinant bacteriophage MS2 coat protein was added to monitor
RNA input. Precipitated proteins were resolved by SDS-PAGE (15%) and detected by immunoblot analysis using anti-SRSF3, anti-SNRPC, or anti-MS2
coat protein antibodies.
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no simple cutoff for absolute or relative exon junction reads sepa-
rating constitutive and alternative splicing events from false posi-
tive exon junctions (biological noise).

Noncanonical 5′ exon junctions occur preferentially in highly

expressed genes

In order to examine the dependence of noncanonical 5′ splice site
usage on gene expression, we determined histograms ofmaximum
reads in gene (MRIG) by counting exon junctions separately for all
16 dinucleotides. Of all 269,360 exon junctions, 6030 (2.2%) had
noncanonical dinucleotides, and they occurred in 3901 distinct
genes. Typically, these genes contained just one (2666 genes) or
two (780 genes) noncanonical exon junctions.

For every individual dinucleotide—except TG—the MRIG
distribution exhibited a single maximum (Supplemental Fig.
S4A), so that average and standard error of MRIG were meaning-
ful measures. The average gene expression level (MRIG) of all
exon junctions with a given dinucleotide (Fig. 6) was lowest for
GT (average MRIG 29,505), reflecting the high abundance of GT
splice sites in many genes expressed at low levels (cf. Fig. 5A).
GC (averageMRIG 57,730) and TT (averageMRIG 81,621) 5′ splice
sites also occurred in genes with low expression levels. On the oth-
er hand, average gene expression levels were 23- to 25-fold higher
for GG andCT sites than for GT sites. Ranking noncanonical dinu-
cleotides by their average gene expression level, we obtained the
same order GT>GC>TT>AT>GA>GG>CT we found in the
splicing reporter experiments. This indi-
cates that GC and TT sites were the only
noncanonical splice sites detected at low-
er gene expression levels, while all other
noncanonical exon junctions were pref-
erentially detected in highly expressed
genes.

Gene-normalized 5′ splice site usage
identifies noise candidates

In our fibroblast data set, exon junction
reads widely differed across several orders
of magnitude due to differential gene
expression and RNA-seq coverage. In or-
der to adequately compare detected
splice site usage across genes, we calculat-
ed the gene-normalized read percentage
(GNR) for each exon junction by divid-
ing numbers of reads by the maximum
number of reads (MRIG) in the respec-
tive gene: GNR = 100× # reads/MRIG.

Obviously, by normalization 0≤GNR≤100. The overall GNR
mean and median were 42% and 45%, respectively.

However, the distribution of gene-normalized reads in all
269,360 exon junctions shown in Figure 7 appeared as a superpo-
sition of three parts: a power law distribution with exponent −1.7
at low GNR values, a Gaussian-type distribution centered around
GNR=71% with SD 22%, and a single peak at GNR=100% repre-
senting one maximal exon junction per gene. This observation
could be confirmed bymaximum likelihood estimates for the pow-
er law (goodness of fit, R2 = 0.998) and Gaussian distribution (R2 =
0.970) parameters. There was no clear separation between the ex-
ponential and Gaussian regions of the distribution.

However, the first two bins 0%–2% contained significantly
more exon junctions (77,912) than any single GNR bin in the
rest of the distribution (maximum 6900). We therefore considered
these 77,912 exon junctions with usage below 2%of the respective
gene expression as “noise candidates.” Occurring in an average of
24 samples, they represented 28.9% of all exon junctions, but ac-
counted for only 0.28% of all reads and 0.35% of all gene-normal-
ized reads. Excluding these noise candidates left 191,448
remaining “high-confidence” exon junctions detected in an aver-
age of 47 samples, which depended only weakly on absolute or
gene-normalized reads (Supplemental Fig. S4C,D). No matter
how much a “high-confidence” exon junction was used in abso-
lute read numbers or relative to its gene expression, it was on
average detected in between 40 and 50 samples. After noise candi-
date removal, only 1892 high-confidence noncanonical exon

Table 1. Overview of exon junction and 5′ss data, presented separately for high-confidence exon junctions with ≥2% of gene expression, and
noise candidates

222,163 5′ss in 18,633 genes:
269,360 exon junctions in ≤54 samples

High-confidence 5′ss: GNR ≥2% Noise candidates: GNR <2%

174,551 5′ss 191,448 exon junctions in 47 samples 47,612 5′ss 77,912 exon junctions in 24 samples
172,795 GT 5′ss 1756 noncanonical 5′ss 43,757 GT 5′ss 3855 noncanonical 5′ss
189,556 GT exon junctions 1892 noncanonical exon junctions 73,774 GT exon junctions 4138 noncanonical exon junctions

(GNR) gene-normalized reads = # reads/maximum # reads in gene. Average number of samples that exon junctions occurred in are provided for high-
confidence 5′ss and noise candidates.

A B

Figure 5. Distributions of 269,360 exon junctions in 18,633 genes. (A) Distribution of the maximum
number of reads on a single exon junction (MRIG) for all 18,633 genes. (B) Profile for top 10 numbers of
reads on a single exon junction (mean± SD). For each gene, exon junctions were ordered by their reads,
then normalized by their respective maximum reads in each gene (MRIG) to obtain gene-normalized
reads (GNR). Axis labels show the number of genes with at least 1, 2, …, 10 exon junctions. There
were, for example, 16,739 genes with two or more exon junctions, and the second highest exon junc-
tions had average GNR of 80%.
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junctions of the initial 6030 remained (Table 1). Although GT
junctions with GNR≥2% were still detected in 47 samples, GC
junctions in 44 and TT junctions in 41 samples, AT junctions
only occurred in 30 samples (Supplemental Fig. S4B).

Noise candidate exclusion generally reduced the number of
noncanonical exon junctions more than threefold compared to
the 1.4-fold overall reduction (P<0.0001, χ2 test). Noise candidates
contained 5.3% noncanonical 5′ss—five times the proportion in
the 191,448 high-confidence exon junctions with GNR≥2%.
Excluding noise candidates also had specific impact on individual
dinucleotides. Although thenumberofGCexon junctionswas 2.5-
fold lower, the reductionwas at least eightfold for all other dinucle-
otides (Table 2), and eight dinucleotides were no longer detected at
all—in particular those with two noncanonical bases (except AG).

High-confidence noncanonical 5′ exon junctions occur at ∼1%
independent of gene expression level

We next investigated the hypothesis that noncanonical splicing
might in part occur due to biological errors in the process of splice
site recognition. This would be reflected in a correlation between
gene expression level and noncanonical splicing. We therefore
grouped exon junctions by their gene expression level (in logarith-
mically equidistant MRIG intervals) and counted canonical and
noncanonical 5′ exon junctions separately in each MRIG interval.
Both canonical and noncanonical exon junction distributions
peaked around 6500 MRIG.

The proportion of noncanonical splice sites among all
269,360 exon junctions strongly increased 22-fold from 1% in
lowexpressed genes (147/14,180;MRIG<100) to 22% inhighly ex-
pressed genes (209/934; MRIG >1,000,000) (Fig. 8, gray bars), and
showed a significant linear correlation of r=0.80. However, in the
set of 191,488 high-confidence exon junctions detected at least
at 2% of gene expression level, the proportion of noncanonical
exon junctions remained constant between 0.4% and 1%, inde-
pendent of gene expression level (Fig. 8, black bars). Table 3 indeed
confirms a fivefold to 75-fold reduction in the number of nonca-
nonical exon junctions for 5051 highly expressed genes with
MRIG >10,000 upon noise candidate removal. Noncanonical 5′

splice sites for MRIG <300 were unchanged due to previous exclu-
sion of exon junctions with fewer than 10 reads.

Noncanonical 5′ss are 10-fold overrepresented in secondary 5′ss

In the next step, we examined whether noisy splice site recogni-
tion occurred as a general phenomenon or was particularly associ-

ated with noncanonical splicing. To this end, we first aggregated
the reads on all exon junctions in our RNA-seq data set with the
same splice donor, obtaining 222,163 different 5′ splice sites over-
all and 174,551 5′ss fromhigh-confidence exon junctions detected
at least at 2% of gene expression level—after removal of the noise
candidates identified above. For every index 5′ splice site, we then
collected all neighboring 5′ss within ±11 nt into a cluster. The
neighborhood width was chosen equal to twice the maximum
number of U1 snRNA complementary nucleotides (11), led by
the assumption that this choice left no room for splicing regulato-
ry elements between competing 5′ss. By far, most (209,640) 5′ss
were single splice sites, that is, had no neighboring 5′ss within ±
11 nt.

Those 5′ splice sites with only less used neighboring 5′ss (or
none at all: single 5′ss) were denoted as “primary” 5′ss: These
were the most used within such an ±11 nt cluster, and possible
candidates for genuine 5′ss recognition mechanisms. Conversely,
5′ss with fewer reads than a neighboring 5′ss were denoted as “sec-
ondary” 5′ss, and were candidates hypothetically detected due to
splice site competition or inaccurate recognition of a highly used
nearby primary 5′ss.

Clustering 5′ splice sites in ±11 nt neighborhoods permitted
identifying those 5′ss actually competing with other nearby 5′ss.
Overall, only 5.6% (12,523) of all 5′ss occurred in such clusters,
and 91% of all such clusters contained just two 5′ss (Table 4).

Noncanonical splicing, however, was highly overrepresented
(12-fold) in secondary, less used 5′ss: Secondary 5′ss contained
29% noncanonical sites compared to an overall proportion of
2.5% (P<0.0001, χ2-test). Evenmore important, a 10-fold overrep-
resentation of noncanonical splicing among secondary splice sites
persisted after removal of noise candidates below 2% of gene ex-
pression level: 10% of secondary high-confidence 5′ss were nonca-
nonical sites compared to an overall rate of 1% (P<0.0001, χ2-test)
(Table 4). These 1051 secondary 5′ss were much less detected at
GNR of 9.8% of gene expression level compared to an overall av-
erage GNR of 64%. Thus, secondary sites were relatively weakly
used.

Clustering closely spaced 5′ splice sites and separating the
less used from the most used 5′ss in each cluster, we have estab-
lished an association with noncanonical splicing: The less used
(“weaker”) of nearby competing 5′ splice sites were 10 times
more likely to have a noncanonical dinucleotide.

Figure 7. Distribution of gene-normalized reads (GNR) for all 269,360
exon junctions. At less than 2% of MRIG, 77,912 exon junctions
(28.9%) were only very weakly used and contributed 0.28% of all reads.
AverageGNRwas 42, and themedianwas 45. For individual dinucleotides,
see Table 2.

Figure 6. Average gene expression level (maximum number of reads on
a single exon junction [MRIG]) for all exon junctions with a given dinucleo-
tide (mean and SEM).
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Higher 5′ss usage variability across individuals in secondary

splice sites

In the complete set of 2090 high-confidence 5′ss in clusters, we ex-
amined whether canonical and noncanonical 5′ss were differently
regulated across individuals. For 2072 of these 2090 5′ss, we ob-
tained individual reads separately for all 27 subjects. Wemeasured
5′ss usage variability across subjects by the coefficient of variation
(CV; standard deviation of all 27 read numbers divided by their
mean). Primary sites (CV 0.64±0.38) showed a significantly
smaller CV than secondary sites (0.84±0.46; P<0.0001, Mann–
Whitney U test).

Furthermore, for primary 5′ss, CV was lower for canonical
(0.63±0.37, N=977) than for noncanonical (0.79±0.43, N=57)
5′ splice sites, whereas for secondary sites there was no significant
difference in CV. In a two-way ANOVA, we did not detect any sig-
nificant interaction between these two factors (P>0.05). Thus, sec-
ondary 5′ss had a higher variability across individuals than
primary 5′ss, and the variability of noncanonical 5′ss was larger
than in canonical sites.

Protein coding relies more on primary than secondary 5′ss

In order to examine potentially different association of primary
and secondary 5′ss with protein coding, we tracked all Ensembl
transcripts of the 2090 high-confidence 5′ss detected in any of
the 1039 clusters. For 1456 high-confidence 5′ss in clusters, we
could identify coding and noncoding transcripts. Among the
634 5′ss without Ensembl transcripts, there were 554 secondary

(87%) and only 80 primary 5′ss.We denoted a 5′ss as “protein cod-
ing,” if we found at least one coding transcript. Whenever we
found only nonprotein coding Ensembl transcripts of a 5′ss, we de-
noted the 5′ss as “noncoding.”

Indeed, 775/1039 primary 5′ss (75%) were protein coding,
whereas only 317/1051 secondary 5′ss (30%) were protein coding.
Thus, at least part of the secondary sites could contribute to cellular
protein synthesis. Conversely, protein coding relied more heavily
on primary 5′ss, since 71% of coding 5′ss were primary sites.

Eventually, we examined protein coding properties of associ-
ated primary and secondary 5′ss in the same cluster. From 983
pairs with protein coding primary 5′ss, 401 had coding and 124
noncoding secondary 5′ss, and 458 secondary 5′ss were not anno-
tated. The histogram of distance between primary and secondary
5′ss peaked at ±4, ±6, and ±9 nucleotides, in agreement with Dou
et al. (2006).

Usage of secondary 5′ss is not random

Usage of secondary splice sitesmight reflect an intrinsic inaccuracy
of the splicing process itself. Assuming that all reads on secondary
5′ splice sites had been caused by erroneous splicing on the associ-
ated primary 5′ splice site in the same cluster, the overall splicing
error rate could be estimated as the proportion of all 1,253,067
reads on 6434 secondary sites in all 2,369,936,633 reads: Every
1890th readwould have occurred in error at a neighboring second-
ary 5′ site, a “splicing gone wrong.”

However, this interpretation is not compatible with the ob-
servation that 94.4% of all 5′ss had no neighbors at all. In fact,
112 highly used 5′ss with more than 1 million reads had no sec-
ondary neighbors, although with an average of 1,837,460 reads,
we would expect about 970 secondary reads for each of these
112 5′ splice sites. Thus, secondary 5′ss do not occur randomly
in the splicing process, but are rather dependent on specific se-
quence environment, for example, permitting recognition by U1
snRNA and/or splicing regulatory proteins.

Competing high-confidence 5′ splice site usage in clusters

To compare RNA-seq findings to our experimental data obtained
from the competition assay, we selected a corresponding RNA-
seq data set of all neighboring high-confidence 5′ss pairs. In order
to exemplarily confirm that such 5′ss pairs were indeed used, we
reamplified RNA from four different individuals and analyzed
PCR products by sequencing. In all these cases, we detected a mix-
ture of splice site usage, confirming noncanonical 5′ss usage
(Supplemental Fig. S5).

From all 12,523 5′ss occurring in clusters, we analyzed only
the 2090 high-confidence 5′ss above 2% of the respective gene
expression (GNR≥2%). For each specific dinucleotide, we then
averaged gene-normalized reads for all high-confidence 5′ss “com-
peting” in such a pair as measure of their average usage across
genes (Fig. 9).

Figure 8. Percentage of noncanonical exon junctions grouped by gene
expression level (MRIG, log10 scale, separately normalized for each MRIG
range) for all exon junctions (gray, 6030 noncanonical/269,360) and after
exclusion of noise candidates (black, 1892 noncanonical/191,448 high-
confidence). All exon junction reads were first grouped byMRIG range be-
fore normalization. After exclusion of noise, the level of noncanonical exon
junctions was ∼0.4%–1% independent of gene expression level.

Table 2. Number of noncanonical exon junctions by dinucleotide

Total GC AG GG TG AT AA TT GA TA CA CG CT CC AC TC

6030 4644 399 354 121 98 97 79 75 44 30 23 22 18 17 9
1892 1848 4 14 0 10 0 9 6 0 0 0 1 0 0 0

All 269,360 exon junctions (top row), and 191,448 high-confidence exon junctions with at least 2% of MRIG reads (bottom row). Dinucleotides that
were not tested in our splicing reporter are printed in light gray, and only one of these (AG) had high-confidence exon junctions (4).
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Only GT-, GC-, and TT sites occurred as primary sites with
average GNR of 57% (GT, N=982), 49% (GC, N=54), and 23%
(TT, N=3). Conversely, AT, GA, and GG sites occurred only as
secondary, less used part of a pair. Secondary 5′ss were much
less used at average GNR levels of 4%–11%. GC and TT sites
were the only noncanonical 5′ss that did not require a highly
used nearby GT site.

Secondary 5′ss were frequently detected at specific positions
relative to primary GT-sites: 1132 secondary GT 5′ss were prefer-
entially found at positions −4/−3 or +5/+6 relative to the respec-
tive primary GT in +1/+2. Similarly, 110 secondary GC sites were
detected almost exclusively at positions −4/−3. Five secondary
AT 5′ss occurred solely at positions −3/−2 or +4/+5, and three
GA 5′ss occurred −4 and +6 nucleotides from a primary GT site.
Ten secondary GG sites preferentially occurred at −4 and −1. All
nine TT sites were primary sites: No neighbors were found next
to six TT sites, and three TT sites had secondary GT sites at relative
positions −3 and −1. It may be instructive to look at these exam-
ples in detail. The TT site in DDX46 (DEAD-box helicase 46) has
50% GNR and its neighboring GT site at position −3 has 16%
GNR. In the two other cases in NPIPB3 (nuclear pore complex in-
teracting protein family member B3) and NPIPB4 (nuclear pore
complex interacting protein familymember B4), the TT site carries
10% GNR, and the neighboring GT sites at position −1 have only
2% GNR. This difference in GNRmay be due to nonsense-mediat-
ed decay (NMD) consistent with out-of-frame transcript removal,
since the difference of splice site positions is no multiple of three.

In all these cases, noncanonical secondary sites were found in po-
sitions favored by high U1 snRNA complementarity.

Notably, the average GNR rank order of noncanonical 5′

splice sites in 2090 5′ss competing in clusters (GT>GC>TT>AT
>GA>GG>CT) was identical to the rank order of our competition
assay.

Discussion

In this work, we systematically examined noncanonical 5′ splice
site selection, both experimentally using splicing competition re-
porters, and analyzing a large RNA-seq data set of 54 fibroblast
samples from 27 subjects. Both approaches consistently yielded a
noncanonical 5′ss usage ranking GC>TT>AT>GA>GG>CT. In
our splicing reporter assay, noncanonical splicing required up-
stream or downstream splicing regulatory elements, and covaria-
tion of the competing 5′ss U1 snRNA complementarity could
compensate changes in SREs. In particular, we could confirm splic-
ing at different positions (i.e.,−1, +1, +5) of a splice site for all non-
canonical dinucleotides “weaker” than GC.

We found that SREs and additional U1 snRNA binding sites
could influence the selection of the splicing position. For example,
for weak noncanonical 5′ss except GC and TT, we saw a shift to-
ward position +5 in the presence of intronic TIA1 enhancers. We
speculate that higher enhancer dependencies andweaker direct in-
teractions between the U1 snRNA and noncanonical 5′ss provide
the basis for more flexible base-pairing registers (Kondo et al.

Table 4. Percentage of canonical and noncanonical 5′ splice sites in complementing groups of single versus in-cluster 5′ss and primary versus
secondary 5′ss, both for all 222,163 5′ss and for 174,551 high-confidence 5′ss with GNR ≥2%

Percentage of noncanonical 5′ss in group GT Noncanonical

All All 5′ss 222,163 100% 216,552 5611 2.5%

Primary 5′ss 215,729 97.1% 211,966 3763 1.7%
Secondary 5′ss 6434 2.90% 4586 1848 29%

Single 5′ss 209,640 94.4% 206,108 3532 1.7%
5′ss in cluster 12,523 5.63% 10,444 2079 17%

High-confidence All 5′ss 174,551 100% 172,795 1756 1.0%

Primary 5′ss 173,500 99.4% 171,850 1650 0.95%
Secondary 5′ss 1051 0.6% 945 106 10%

Single 5′ss 172,461 98.8% 170,868 1593 0.92%
5′ss in cluster 2090 1.20% 1927 163 7.8%

Primary 5′ss are either single or in cluster, single 5′ss are by definition primary 5′ss, and each cluster contains exactly one primary 5′ss. There are
6089 =215,729–209,640 =12,523–6434 clusters (1039 =173,500–172,461 =2090–1051 clusters with high-confidence 5′ss). Noncanonical splice
sites were 10-fold overrepresented among high-confidence secondary 5′ss with GNR ≥2%.

Table 3. Number of noncanonical exon junctions by gene expression level (MRIG, log10 scale)

Number of noncanonical exon junctions

Gene expression level (log10(MRIG))

1–1.5 1.5–2 2–2.5 2.5–3 3–3.5 3.5–4 4–4.5 4.5–5 5–5.5 5.5–6 >6 Total

In all 269,360 exon junctions 48 98 160 282 563 1436 1513 992 432 297 209 6030
In 191,448 high-confidence exon junctions 48 98 160 260 331 551 300 113 26 4 1 1892

All 269,360 exon junctions (top row), and 191,448 high-confidence exon junctions with at least 2% of MRIG reads (bottom row). Excluding noise can-
didates (GNR <2%) strongly reduced detected noncanonical exon junctions in highly expressed genes.
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2015). Hypothetically, in the presence of multiple enhancers, the
actual splicing register might be determined by an equilibrium of
exonic and intronic enhancer pulling forces. Furthermore, previ-
ous studies indicated that the concurrent binding of more than
oneU1 snRNP could also influence splice site selection through re-
ciprocal stabilization of U1 snRNPs and SR proteins (Fernandez
Alanis et al. 2012;Hodson et al. 2012;Martinez-Pizarro et al. 2018).

In our comprehensive RNA-seq data set analysis, noncanoni-
cal 5′ss were preferentially detected in weakly used exon junctions
of highly expressed genes. In particular, they were 10-fold overrep-
resented among all 5′ss with a neighboring, more frequently used
5′ss. Conversely, these more frequently used neighbors contained
only the dinucleotides GT, GC, and TT, in accordance with the
above ranking.

In genetic disease, human pathogenic 5′ splice site mutations
often lead to cryptic 5′ss activation, if the wild type sites are suffi-
cientlyweakened (e.g., Spena et al. 2006; Krawczak et al. 2007). 5′ss
selection in such a competition situation is determined both by in-
dividual 5′ss U1 snRNAcomplementarity and upstream anddown-
stream splicing regulatory elements differentially acting in both
directions (Erkelenz et al. 2013a). In clinically important exam-
ples, such cryptic 5′ss even possess noncanonical dinucleotides.
Therefore, we designed a competition assay comparing noncanon-
ical 5′ss usage with competing canonical 5′ splice sites of different
U1 snRNA complementarities, bracketed between upstream and
downstream SREs and spaced by a short 16-nt splicing neutral se-
quence (Zhang et al. 2009; Arias et al. 2015). Stepwise reduction of
the competing canonical 5′ss U1 snRNA complementarity togeth-
er with variation of the downstream TIA1 elements led to activa-
tion of several noncanonical 5′ss and permitted ranking these
sites depending on the competition conditions under which their
usage first became detectable.

However, this ranking could not simply be explained by, for
example, 5′ss MaxEnt score (ME): In competition with the 5′ss
CAG GTAAGT (ME 10.86), the 5′ss CTG GTAAGC with ME 8.69
was not used at all, whereas, for example, the noncanonical CAG
GCAAGT (ME 3.10) and CAG TTAAGT (ME 2.35, or with a “bulged
T”: CCAGTAAGTME 9.09) were clearly detected. In the sameway,
the actually used splicing registers (i.e.,−1, +1, +5) could not be ex-
plained, for example, by nucleotide bulging (Roca et al. 2012; Tan
et al. 2016).

The noncanonical GC 5′ss was recognized even in the ab-
sence of any SRE, albeit weakly (Fig. 2B, lane 9). It was, however,
overlapped by a shifted GT site at position +5/+6, which had the

highest U1 snRNA complementarity (HBS 9.3) among all tested
noncanonical 5′ss. In conjunction with the hypothesized impact
of such a GT dinucleotide observed in Figure 3C, this second GT
may first recruit U1 snRNP, which then shifts to the nearby nonca-
nonical 5′ss. A similar constellation was observed in the human fi-
broblast growth factor receptor gene, where a noncanonical GA
site is supported by an upstream GT site (Brackenridge et al.
2003). In a more systematic analysis of 5′ splice site selection by
shifted base-pairing to U1 snRNA, an even phylogenetically con-
servedmechanism for a small subset of very weak 5′ss was revealed
(Roca and Krainer 2009).

Recently, using filtered pre-mRNA binding assays, mismatch-
es at the central 5′ss positions +1 and +2 were shown to strongly
impair stable RNA duplex formation with U1 snRNA (Kondo
et al. 2015). The only exception to this seems to be GC sites, which
might be stabilized by an “on-a-par” C·A wobble base pair formed
at position +2 (Kondo et al. 2015), possibly explaining the lower
SRE dependency observed in this study.

Beyond U1 snRNA base-pairing, stabilization of U1 snRNP is
also affected by both external, peripheral splicing enhancing pro-
teins like SRSF7 or TIA1 and U1 snRNP-specific proteins as SNRPC
and LUC7-like that are supposed to particularly aid in the selection
of weak splice sites by stabilizing the RNA duplex (Plaschka et al.
2018).

TT sites compare favorably to all other tested noncanonical
dinucleotides (except GC). Frequently, TT sites possess an extra
GT at position −1 potentially providing stabilizing effects exerted
by SNRPC (Rosel et al. 2011; Preußer et al. 2014) and LUC7-like.
Indeed, in our RNA-seq data set, 37/41 high-confidence nonca-
nonical non-GC 5′ss—in particular all TT sites—contained at least
one GT dinucleotide.

Beyond external splicing regulatory proteins, multiple weak
U1 snRNA binding sites could synergistically increase the local
affinity for U1 snRNP binding and further assembly of the spliceo-
some. However, the U1 snRNP binding location is not necessarily
identical to the cleavage position, which is determined by later in-
teracting spliceosome components such as U6 and U5 snRNA.

Regarding 3′ss selection, it was recently shown by cryoelec-
tron microscopy that non-Watson-Crick base-pairing interactions
between the G at position +1 and the G at position −1 of the 3′ss
are critical for 3′ splice site selection upon 5′ and 3′ exon ligation
(Wilkinson et al. 2017). It is unclear, however, why a +1 T nucleo-
tide exchange is better tolerated than noncanonical GA and GG
sites, which are used at lower efficiencies.

In human pathogenic 5′ss mutations, the most frequently af-
fected positions are +1/+2 containing the canonical GT dinucleo-
tide, and TT and ATwere found to disrupt splicingmore frequently
than GG (Krawczak et al. 2007). In contrast, we found higher 5′ss
usage with TT and AT than with GG dinucleotides.

Covariation of competing proper 5′ss complementarity to U1
snRNA (“5′ss strength”) and its SRE environment also permitted us
to quantify their relative impacts on 5′ss selection in some instanc-
es, finding four downstream TIA1 binding sites comparable to an
increase in 5′ss complementarity from 10.4 to 12.2. However, ex-
pression levels of splicing regulatory proteins typically vary be-
tween different cell types and thus contribute to alternative
splicing, rendering such a quantification cell type dependent.

Our experimentally determined noncanonical 5′ss ranking
reflects splice site usage in a competition situation. To obtain com-
parative data from the human genome, one cannot rely on splice
site annotation in, for example, Ensembl only. In fact, among
341,386 Ensembl annotated introns with a canonical (AG) 3′, TT

Figure 9. Average gene-normalized exon junction reads (GNR) for all
2090 high-confidence 5′ss with GNR ≥2% that were detected in clusters.
Average GNR for primary 5′ss are shown in black bars and secondary 5′ss in
gray bars.
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(121), and CT (131), 5′ss are found at nearly half the abundance of
AT (226), GG (222), and GA (215), very different than our experi-
mental ranking. However, Ensembl annotation itself does not
properly reflect splice site usage, whichmay account for this differ-
ence. In order to obtain human genome data on 5′ss usage, we
therefore used our own comprehensive RNA-seq data from 54 hu-
man fibroblast samples (Kaisers et al. 2017a).

To extract reliable noncanonical 5′ss from these data, we used
a two-tier method to exclude noisy false positive results: We re-
stricted our analysis exclusively to gapped reads detected at least
10 times and also selected only introns with canonical AG 3′ss.
This restriction excludes identification of minor spliceosome
AT—AC exon junctions, and it may lead to an underestimation
of the AT 5′ss abundance.

In order to adequately compare exon junction reads between
genes of different expression levels, wenormalized all gapped reads
by the largest gapped read in the respective gene, thus obtaining
gene-normalized reads (GNR). Based on the GNR histogram, we
then excluded exon junctionswithGNR<2% from further analysis
as noise candidates. Although these least-used exon junctions
amounted to 29% of all exon junctions, they were weakly used
bydefinitionand representedonly0.28%of all reads. Along similar
lines, Parada et al. (2014) denoted splice sites as high-confidence
sites that had at least 5% usage compared to the most abundant
splice variant. They also retained only introns that were found in
at least two independent sources. We did not ab initio require
exon junctions to occur in a minimum number of independent
samples, but exon junctions with noncanonical dinucleotides ex-
cept CT were detected in an average number of more than 30 of
54 samples.Notwithstanding that extractinghigh-confidence sites
from large RNA-seq data sets requires some noise removal proce-
dures, general results should be only weakly dependent on specific
imposed restrictions. Here, noncanonical exon junctions were five
times overrepresented among noise candidates compared to all
exon junctions with GNR ≥2%. Similar to Parada et al. (2014), ex-
clusion of noise candidates reduced the number of noncanonical
sites to about one-third.

Although canonical GT 5′ss were detected across all genes in-
dependent of their expression level, rare noncanonical 5′ss were
only detected in highly expressed genes. In fact, average gene ex-
pression level revealed the same ranking for noncanonical exon
junctions as the splicing competition assay.

In an attempt to mimic the situation of our splicing competi-
tion assay, we finally selected all clusters of 5′ss less than 12 nt
apart. These 5′ss were thought to be competing with each other
without additional splicing regulatory proteins binding in be-
tween. Such clusters typically consisted of two 5′ss of different us-
age: a primary and a secondary 5′ss. Splitting these 5′ss into
disjoint groups with specific dinucleotides revealed that only TT,
GC, and GT sites occurred asmore frequently used 5′ss in a cluster.
In contrast, AT, GA, and GG sites occurred only as less frequently
used 5′ss. This result suggests a picture where these noncanonical
sitesmayhave been used by failure to splice the nearbyhighly used
GT site, a kind of erroneous splicing. On the other hand, TT sites
occurred only as the primary, more used 5′ss in a cluster, which
cannot be explained by a shifted splicing register.

Methods

Oligonucleotides

Oligonucleotides were obtained from Metabion GmbH.

Primers used for cloning are listed in Supplemental Table S1,
and primers used for semiquantitative RT-PCR and RNA affinity
chromatography assay are listed in Supplemental Table S2.

Plasmids

All SV-env/eGFP plasmids were cloned by substitution of the SacI/
NdeI fragment with PCR products using appropriate forward
primers (Supplemental Table S1) and primer #640 as a reverse
primer. For insertion of TIA1 high-affinity binding sites into the
downstream intron, the AflII/NdeI fragment of the SV-env/eGFP
plasmids was replaced by a respective fragment from SV SRSF7
(4x) L3 TIA1(4x) env/eGFP (Erkelenz et al. 2013a).

LTR ex2 ex3 FANCC plasmids were generated by cloning
Bsu36I/SphI-digestedPCRproducts amplifiedwith a respective for-
ward primer (Supplemental Table S1) and#4641 as a reverse primer
using LTR ex2 ex3 FANCC as a template (Hartmann et al. 2010).
PCR products were cloned into a LTR ex2 ex3 FANCC (StuI,
BsrGI) preclone that was generated by substitution of the StuI/
BsrGI fragment with the respective StuI/BsrGI fragment from
pNL4-3 (GenBankAccessionNo.M19921).U1expressionplasmids
were cloned as described previously (Erkelenz et al. 2013b).

Designer exon splicing reporters were generated on the basis
of an FGB minigene containing only neutral sequences as de-
scribed before (Brillen et al. 2017). Two SRSF7 binding sites were
introduced by substituting the Bsu36I/NotI fragment with the
PCR product using the primer pair #4705/#2620. The noncanoni-
cal SD site (AA CGTACG CAG ttaagtgt) was cloned by digestion
with BsiWI/Bpu10I using primer pairs #5123/#2620. The up-
stream GT of the BsiWI site was changed to CT (AA CCTACG
CAG ttaagtgt) by XhoI/AflIII digestion and substitution of the frag-
ments with PCR products using primer pair #5247/#2620, respec-
tively. These BsiWI −8/−7 GT and BsiWI −8/−7 GT>CT plasmids
were used as templates for mutating upstream CANC motifs. The
first motif was removed by digestion with XhoI/AflIII using the
primer pairs #6025/#2649 (GT −8/−7) or #6027/#2649 (CT −8/
−7). The plasmids with mutations of the first and the second
CANC motif were cloned by digestion with XhoI/AflIII using the
primer pairs #6026/#2649 (GT −8/−7) or #6028/#2649 (CT −8/
−7), respectively.

Cell culture and nucleic acid transfections

HEK293T and HeLa cells were maintained in DMEM (Invitrogen)
with 10% fetal calf serum (FCS) and 1% penicillin and strepto-
mycin (P/S) (Invitrogen). Plasmid transfections were performed
in six-well plates with 2.5 × 105 HEK293T or HeLa cells using
TransIT-LT1 reagent (Mirus Bio LLC) in accordance with the man-
ufacturer’s instructions.

RNA extraction and semiquantitative RT-PCR

Total RNA samples were collected 30 h post transfection. For RT-
PCR analyses, RNA was reverse transcribed using SuperScript III
Reverse Transcriptase (Invitrogen) and Oligo(dT) primer (Invitro-
gen). For semiquantitative analyses of spliced eGFP mRNAs,
cDNA was used in a PCR reaction with primer #3210 and #3211.
Splicing of LTR ex2 ex3 FANCC derived reporter mRNAs was ana-
lyzed using primer pair #1544/#2851, and designer exon reporters
used primer pair #2648/#2649. To control for equal transfection ef-
ficiencies, a separate PCR reaction was carried out with primer pair
#1224/#1225 detecting coexpressed GH1 mRNA. All primer se-
quences used for semiquantitative RT-PCR analyses are listed in
Supplemental Table S2A. PCR products were separated on 8%–

10% nondenaturing polyacrylamide gels and stained with ethid-
ium bromide for visualization.
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Reamplification of PAA-separated PCR products

The PAA gel fragments were excised with a clean, sharp scalpel and
incubated for 30 min at 50°C in 100 µL diffusion buffer (0.5M am-
monium acetate, 10 mM magnesium acetate, 1 mM EDTA, 0.1%
SDS). The supernatant was transferred to a new tube and DNA
was isolated using the QIAGEN Gel extraction kit according to
the manufacturer’s protocol and eluted in 30 µL dH2O. The eluted
PCR product was reamplified by PCR using the same primer pairs
as in the initial PCR, analyzed on a 1% agarose gel, again excised
with a clean, sharp scalpel and purified using the QIAGEN Gel ex-
traction kit, eluted in 30 µL dH2O and sent to sequencing.

QIAxcel

For higher resolution 10 µL of the semiquantitative PCR products
were separated on aQIAxcel DNA screening gel cartridge, using the
QX Size Marker 250 bp – 4 kb (Qiagen).

Covalent coupling of in vitro transcribed RNAs

to agarose beads, and RNA affinity chromatography

(RAC) assay

To synthesize templates for in vitro transcription, a sense T7 prim-
er (#4825) was annealed to antisense DNA oligonucleotides either
containing the canonical GT (#5986) or the noncanonical CT
(#5987) splice site sequence. Both oligos also included a T7 poly-
merase binding site as well as an RNA binding site for the recombi-
nant bacteriophage MS2 coat protein. RNA was synthesized using
the RiboMax large-scale RNAproduction system (Promega) accord-
ing to the manufacturer’s instructions.

Subsequently, synthesized RNA oligonucleotides (3000 pmol)
were covalently coupled to adipic acid dihydrazide-agarose beads
(Sigma) and were then incubated with 60% HeLa nuclear extract
(Cilbiotech) containing recombinant bacteriophageMS2 coat pro-
tein tomonitor equal precipitation efficiencies. After five stringent
washing steps with buffer D containing different concentra-
tions of KCl (0.1, 0.25, 0.5, 0.25, and 0.1 M KCl, together with
20 mM HEPES-KOH [pH 7.9], 5% [vol/vol] glycerol, 0.2 M EDTA,
0.5 mM dithiothreitol, 0.4 M MgCl2), precipitated proteins were
eluted in protein sample buffer, heated up to 95°C for 10 min,
and loaded onto a 15% SDS-PAGE. Next, proteins were transferred
to a nitrocellulosemembrane, and themembranewas probedwith
primary antibodies detecting SRSF3 (abcam, ab198291), SNRPC
(anti-U1-C, Sigma, SAB4200188), or bacteriophage MS2 coat pro-
tein (Tetracore, TC-7004-002). After incubating the membrane
with respective secondary antibodies—anti-Rabbit IgG (H+L)
Superclonal, HRP (#A27036, Thermo Fisher), anti-Rat IgG (whole
molecule) Peroxidase antibody produced in goat (A9037, Sigma-
Aldrich)—themembranewas developed using ECL chemilumines-
cence reagent (GE Healthcare).

HBond score

The HBond score (HBS) is a dimensionless measure of the overall
hydrogen bond pattern binding strength in the 11-nt-long duplex
between the 5′ss and the 5′ end of U1 snRNA. For more details see
Supplemental Methods. A lookup table with an alphabetically
sorted two-column list of all 11-nt sequences and corresponding
HBond scores is provided as Supplemental Table S3.

RNA-seq data set

We examined noncanonical 5′ splice site usage in our large human
RNA-seq transcriptome data set of 54 human fibroblast samples
taken from 27 subjects (14 male; 18 samples in each of the
three age groups 18–25, 35–49, 60–67). The raw sequencing data

have been deposited during the course of a previous study (Kaisers
et al. 2017a) to ArrayExpress (https://www.ebi.ac.uk/arrayexpress/)
under accession number E-MTAB-4652.

For alignment and all subsequent analysis, Human genomic
sequence (GRCh38) and annotation data (release 82) were down-
loaded from Ensembl (Cunningham et al. 2015) and BioMart
(Durinck et al. 2005; Guberman et al. 2011). cDNA libraries were
synthesized using TruSeq RNA SamplePrep kit (Illumina) accord-
ing to the manufacturer’s protocol. One microgram of total RNA
was used for poly(A) RNA enrichment. The samples were amplified
on nine Illumina flow cells (v1.5) and sequenced on an Illumina
HiSeq 2000 sequencer using TruSeq SBS kits v1. From each lane,
the resulting 101-nt sequence reads were converted to FASTQ by
CASAVA (1.8.2). Subsequent alignmentswere calculated onunpro-
cessed FASTQ files. Alignments were calculated using STAR (2.4.1d
modified) (Dobin et al. 2013).

Subsequent calculation of splice site localization from gapped
(exon junction) reads was done with CRAN package rbamtools
(Kaisers et al. 2015). Identified splice sites then were processed
using Bioconductor package spliceSites (R package version 1.8.3,
https://bioconductor.org/packages/3.2/bioc/html/spliceSites.html)
in order to compare the number of exon junction reads for every
exon junction and for every biological sample.

To obtain more reliable U2-type 5′ss, we only used introns
with canonical AG 3′ss that were annotated in the human refer-
ence genome GRCh38/hg38 (Ensembl version 82), delimited by
exon junctions covered by at least 10 gapped reads, and which
could unambiguously be assigned to either the plus or minus
strand.
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