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ABSTRACT
Mutations of splice sites, auxiliary splicing elements and the splicing machinery cause a wide range 
of genetic disease. Here we report that many of the complex effects of splicing mutations can be 
predicted from background splicing information, with emphasis on BRCA1, BRCA2 and DMD. 
Background splicing arises from very low level splicing between rarely used background splice 
sites and from low-level exon skipping between intron splice sites. We show how this information 
can be downloaded from the Snaptron database of spliced RNA, which we then compared with 
databases of human splice site mutations. We report that inactivating mutations of intron splice 
sites typically caused the non-mutated partner splice site to splice to a known background splice 
site in over 90% of cases and to the strongest background splice site in the large majority of cases. 
Consequently, background splicing information can usefully predict the effects of splice site muta-
tions, which include cryptic splice activation and single or multiple exon skipping. In addition, de 
novo splice sites and splice sites involved in pseudoexon formation, recursive splicing and aberrant 
splicing in cancer show a 90% match to background splice sites, so establishing that the enhance-
ment of background splicing causes a wide range of splicing aberrations. We also discuss how 
background splicing information can identify cryptic splice sites that might be usefully targeted by 
antisense oligonucleotides (ASOs) and how it might indicate possible multiple exon skipping side 
effects of ASOs designed to induce single exon skipping.
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Introduction

Human genetic disease is frequently caused by mutations 
that disrupt intron splice sites, auxiliarly splicing motifs or 
the splicing machinery [1], it is estimated that 50% of all 
deleterious mutations cause aberrant splicing for large 
genes with many exons [2]. It is important but still challen-
ging for in silico programmes to identify variants in 
patients that disrupt splicing and to predict the effect of 
such splicing mutations [2–5].

Mutations of intron splice sites often cause the vigorous 
activation of nearby dormant cryptic splice sites, which are 
used instead of the mutated intron splice site [6] 
(Figure 1A). We previously established that css are already 
active, albeit at very low levels, in normal genes. We did 
this by using expressed sequence tags (ESTs) to identify 
rare splice sites and then compared their positions to 
known css that are activated in human disease [7]. 
However, this approach was limited to a minority of 
genes for which there was sufficient EST data. Since that 
time a large amount of RNA-sequencing data has been 
deposited, which we reasoned would strongly increase the 
power of css prediction. In support of this, RNA sequen-
cing studies have shown that splicing is accompanied by 

a background of low level or noisy splicing at a large 
number of hidden splice sites within introns and 
exons [8].

The Snaptron database lists all of the RNA-seq reads from 
over 70,000 human samples that were most probably gener-
ated by splicing [9]. As expected [8], there are far more 
splicing events with very low reads (background splicing) in 
the Snaptron database than there are splicing events with the 
high reads required for intron removal and functional alter-
native splicing (Figure 1B, C, Appendix 1). The Snaptron 
database shows that background splicing occurs between: 5ʹ 
and 3ʹ background splice sites located throughout exons and 
introns; from low-level exon skipping between intron splice 
sites and from low-level splicing between bss and intron ss. 
Here we compare the Snaptron database to cryptic splice site 
and exon skipping databases [6,10] and conclude that back-
ground splicing determines the effect of splicing mutations 
upon exon skipping as well as css activation. Further compar-
isons show that bss in normal human genes are also used for 
de novo splice site and pseudoexon formation, recursive spli-
cing and aberrant splicing in cancer. We also discuss how 
background splicing information can inform splicing therapy.

CONTACT Dibb N.J n.dibb@imperial.ac.uk Department of Metabolism, Digestion and Reproduction, Institute of Reproductive and Developmental Biology, 
Imperial College London, Du Cane Road, London W12 ONN, UK 

Alexieva, Long and Sarkar contributed equally.
Supplemental data for this article can be accessed here.

RNA BIOLOGY                                                                                                                                                       
2022, VOL. 19, NO. 1, 256–265
https://doi.org/10.1080/15476286.2021.2024031

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0002-6740-6502
http://orcid.org/0000-0002-3059-4829
https://doi.org/10.1080/15476286.2021.2024031
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15476286.2021.2024031&domain=pdf&date_stamp=2022-02-16


Figure 1. A. Aberrant splicing events that are commonly activated by mutations of the 5ʹ or 3’ss of introns. The brackets reflect that most activated css lie within 
1000 bases of the ss mutation. B,C. Splice site mutations activate background ss (bss), particularly those with the most reads. B. The Snaptron data is arranged to 
show all splicing events involving the 3’ss 41,219,713 of wild type BRCA1 (see text). Blue shading shows normal splicing, yellow shading shows background exon 
skipping, red shading shows the mutated 5’ss partner 41,222,944 and grey shading shows the reads of the bss prior to their further activation by this mutation. C. All 
splicing events involving the 5’ss 41,209,068, blue and yellow shading as above, red and grey shading indicates the effect of mutation of the normal partner 3’ss 
41,203,135.
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Materials and methods

Experimental reports of mutations that cause aberrant spli-
cing of BRCA1, BRCA2 and DMD were obtained from the 
database of aberrant splice sites (DBASS) the human genome 
mutation database (HGMD), the Leiden Open Variation 
Database online (LOVD) and by searching PubMed [6,11,12].

We used the BLAT tool [13] from UCSC website http:// 
genome.ucsc.edu/ [14] to obtain genome reference numbers 
for relevant splice sites.

We then compared the above experimental databases of 
aberrant splicing to the Snaptron database of spliced RNA 
sequences [9]. We downloaded Snaptron data for individual 
genes in a manner that allowed us to identify background 
splicing events that might be activated by splicing mutations 
(Figure 1(A) and Appendix 1).

Snaptron has four different RNA sequencing databases that 
can be analysed. SRAv1 (hg19) and SRAv2 (hg38) are from 
the sequencing read archive at NCBI and contain 41 and 83 M 
splice junctions identified by sequencing, respectively. There 
are also two smaller databases TCGA (hg38) and GTEx (hg38) 
with 37 and 29 M junctions [9].

Statistical analysis. Probability values for Table 2 were 
obtained by binomial distribution analysis (see Table S2 css) 
and for Table 3 by a Pearson chi-square test for the 5’ss data 
(rows 1, 5) and Fisher’s exact t-test for the 3ʹ ss data (rows 3, 7).

Results

BRCA1

We initially analysed BRCA1 as proof-of-principle because its 
mutational landscape in cancer is well described and includes 
splicing mutations that have been repeatedly analysed [15,16]. 
Figure 1A illustrates that mutations of intron splice sites 
typically activate css or exon skipping. Figure 1B,C show 
that the aberrant splicing pathways illustrated in Figure 1A 
already occur at low background levels in normal BRCA1.

Figure 1B lists all of the 5’ss partners for the 3’ss 41,219,713 
(hg19) of intron 16 of BRCA1 and their read numbers, as 
listed in Snaptron. As expected there are a large number of 
reads (148,299) for splicing between 3’ss 41,219,713 and its 
normal 5’ss partner 41,222,944 of BRCA1 (blue shading). 
Other 5’ss partners of the 3’ss 41,219,713 are also used but 
at much lower background levels. These include single and 
multiple exon skipping events (yellow shading) between the 
3’ss 41,219,713 and the 5’ss of other upstream introns. In 
addition there are 2 reads for a rare splicing event between 
3’ss 41,219,713 and an exonic 5’ss that is located −93 bases 
upstream of the normal 5’ss 41,222,944 and further low level 
reads for seven background 5’ss that are located downstream 
within the intron.

Mutation of BRCA1 5’ss 41,222,944 of intron 16 is 
reported to activate a css at either +65 [17–19] or at +69 
[20] These two css exactly match the bss of normal BRCA1 
with the most supporting reads (Figure 1B, grey shading). The 
background splicing information is therefore a very good 
match to and helps to explain why different css were identi-
fied between groups.

Similarly, Figure 1C compares the known effect of muta-
tion of the 3’ss 41,203,135 (hg19) of intron 20 of BRCA1 
(red shading) with the background splicing events involving 
its normal partner 5’ss 41,209,068, as illustrated in 
Figure 1A (bottom diagram). Mutation of the 3’ss 
41,203,135 is known to activate single exon skipping 
between the normal partner 5’ss 41,209,068 and the down-
stream intronic 3’ss 41,201,212 plus weaker activation of 
a 3ʹcss 41,203,127 at +8 [17,18]. Figure 1C shows that these 
two aberrant splicing events also have the most background 
splicing reads in normal BRCA1.

The key data from Figure 1B and C is summarized in 
Table 1 (rows 13 and 32), which compares the reported effects 
of all mutations of the intron splice sites of BRCA1 with 
Snaptron data. Figure S1 shows this data in full in the same 
format as Figure 1B, C. From the literature we identified 17 
different css that are activated by mutations of the indicated 
BRCA1 splice sites and Table 1 column C shows that 15 of 
these css exactly match bss of wild-type BRCA1, the two 
exceptions are shaded in column C and discussed in Table 
S1. Twelve of the 15 bss that match css have the highest reads 
of all candidate css, as listed under column D and as illu-
strated in Figure 1B, C.

Seventeen out of 35 of the splice site mutations of 
BRCA1 in Table 1 activate exon skipping rather than css 
and eight of the splice site mutations do both (Table 1, 
column B). The ratio of css reads to exon skip reads from 
the background RNA splicing data (Table 1, columns E, F) 
appears to correlate with the experimental finding of 
whether splice site mutations activate css or exon skipping. 
There are seven exceptions to this that are shaded as pairs 
in columns E & F and are discussed (Table S1). Also 
shaded are some possible false-positive bss reads for both 
css activation (column E rows 5, 24, 31 and 35) and for 
a double exon skip (column G row 16), see Table S1 and 
Discussion. Table 1 indicates that the effect of splice site 
mutations upon css activation and even exon skipping can 
be inferred from background splicing data. In order to test 
this hypothesis we analysed a further 300 medical syn-
dromes caused by splice site mutations.

Further css analysis

We next compared the Snaptron database with the database 
of aberrant splice sites (DBASS). DBASS lists the experimen-
tal results for splicing mutations that cause a wide range of 
human genetic diseases [6]. We first compared the DBASS5 
experimental results for 5ʹ css activation with the Snaptron 
RNA splicing data. Table S2 (Index) shows how 199 of the 
459 mutations in DBASS5 that activate 5ʹcss were system-
atically chosen to cover every listed medical syndrome. We 
generated similar tables of background splicing to those illu-
strated in Figure 1 for each of the 199 mutations and com-
pared these with the experimental results. The analysis of 
each mutation is summarized in single rows in Table S2 
(css). Table 2 row DBASS5 summarizes Table S2 (5ʹcss) and 
shows that 201 out of 237 of the 5ʹcss identified by experi-
ment (some mutations activate more than one css) exactly 
match bss in Snaptron and are therefore already in use at low 
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levels by normal genes. Table 2 column 4 shows that 150 of 
the 237 reported css matched bss that have the greatest 
number of supporting reads compared to other bss 
(p = 1 × 10−56). Similar results were found for the analysis 
of the 3ʹcss listed in DBASS3 where 97 out of 110 3ʹcss 
matched bss in Snaptron and 62 matched bss with the highest 
reads (p = 3.2 × 10−23).

Table 1. Comparison of the experimental effect of splice site mutations of BRCA1 with snaptron splicing data. Column A lists the mutated intron 5ʹ or 3ʹ splice sites 
(chr17hg19). Column B shows whether the mutation caused css activation, exon skipping or both, the position of the css relative to the mutated intron ss is also 
indicated. Columns C-G compare RNA sequencing data from Snaptron. Column C indicates whether the experimentally identified css (from column B) exactly 
matches a background splice site in Snaptron. Column D shows the css rank, for example 1(4) for row 3 of this column means that Snaptron identified four 
background splice sites within 1000 bp (upstream or downstream) of the 5’ss 41,258,472 and that the site that matched the experimentally identified css had the 
most reads. Column E lists the reads for the highest scoring bss within 1000 bases of the mutated splice site. For rows 5, 24, 31 and 35 the reads for the bss that 
matches the css is given in brackets. Columns F and G list background reads for single and double exon skipping. The shaded boxes indicate the RNA splicing reads 
that are not a good fit to the experimental data, these are discussed in Table S1, which also lists references.

A B C D E F G

Mutated splice site Experimental css snaptron snaptron snaptron snaptron
5ʹ ss summary match in css rank bss reads single skip double skip

snaptron reads reads

1 41,276,033 (exon 2) skip 11 898 0
2 41,267,742 (exon 3) skip 24 2622 104
3 41,258,472 (exon 5) Css(−22) & skip Yes 1(4) 7375 3629 178
4 41,256,884 (exon 6) Css (−9) Yes 1(5) 327 5 6
5 41,256,138 (exon 7) Css (−62) No 0(1) (0)1 3 2
6 41,251,791 (exon 8) skip 0 83 0
7 41,249,260 (exon 9) skip 31 2193 3
8 41,243,451 (exon 11) skip (and alt ss enhancement) 2 346 44
9 41,242,960 (exon 12) skip 115 1 18
10 41,234,420 (exon 13) skip 0 164 0
11 41,228,504 (exon 14) single and double skip (weak) 1 971 58
12 41,226,347 (exon 15) Css (−11), single and double skip Yes 1(1) 494 476 356
13 41,222,944 (exon 16) Css (65,69) Yes, yes 1(5), 2(5) 243, 78 0 5
14 41,219,624 (exon 17) Css (153, weak) & skip Yes 1(3) 36 1030 1
15 41,215,890 (exon 18) skip 179 140 17
16 41,215,349 (exon 19) skip 23 1 56
17 41,209,068 (exon 20) Css (87) & skip Yes 1(1) 19 52 0
18 41,203,079 (exon 21) skip 4 1298 0
19 41,201,137 (exon 22) Css (156,weak) & skip Yes 1(1) 6 2732 26
20 41,199,659 (exon 23) Css (5, weak) & skip Yes 1(2) 247 300 132

3’ss
21 41,267,797 (exon 3) Css (7) Yes 1(3) 5 2622 178
22 41,258,551 (exon 5) skip 18 3629 6
23 41,256,974 (exon 6) Css (−59) Yes 1(4) 15 5 2
24 41,256,279 (exon 7) Css (−10) No 0(1) (0)81 3 0
25 41,251,898 (exon 8) Css (−69) Yes 1(1) 4 83 3
26 41,247,940 (exon 10) skip 339 840 44
27 41,246,878 (exon 11) skip & alt skip 3 206,364 18
28 41,219,713 (exon 17) skip 12 1030 17
29 41,215,969 (exon 18) skip 11 140 56
30 41,215,391 (exon 19) skip 1 1 0
31 41,209,153 (exon 20) Css (13,weak) & strong skip Yes 2(2) (1)3 52 0
32 41,203,135 (exon 21) Css (8,weak) & skip Yes 1(5) 206 1298 26
33 41,201,212 (exon 22) skip 1147 2732 132
34 41,199,721 (exon 23) skip 26 300 0
35 41,197,820 (exon 24) Css (11) Yes 2(4) (5)26 0 0

Table 2. Summary of matches between 5ʹ and 3ʹ css from DBASS, BRCA1, BRCA2 
and DMD (columns 1,2) with background splice sites from Snaptron (columns 3 
to 5). Data summarized from the Tables listed in source column 6.

5ʹcss No. of css No that match Top match Poor match Source
analysed snaptron bss

DBASS5 237 201 (85%) 150 (75%) 9 Table S2
DBASS5w 14 11 10 2 Table S2
BRCA1 10 9 8 1 Table 1
BRCA2 5 4 2 1 Table S2
DMD 13 4 1 5 Table S2
3ʹcss
DBASS3 110 97 (88%) 62 (64%) 2 Table S2
DBASS3w 39 38 31 0 Table S2
BRCA1 7 6 4 1 Table 1
BRCA2 13 10 6 2 Table S2
DMD 9 6 2 1 Table S2

Table 3. Css activation versus exon skipping. The experimental results listed in 
column A are summarized from the cryptic splice site database DBASS (Table S2) 
and an exon skip database (Table S3) and they show the numbers of reports of css 
activation only, exon skipping only or both in response to 5ʹ or 3’ss mutations. 
Columns B and C are from Snaptron and show how the samples divide with respect 
to the relative number of reads for single exon skipping versus the number of reads 
for the bss that matches the css. For examples that do not report a css or more rarely 
report a css that does not match a bss we used the read numbers of the top bss (bss 
with the most reads within 1000 bp of the mutated ss). Columns D and E show the 
total css and single exon skip read count (Tables S2, S3). Shaded examples are 
discussed (Tables S2, S3, see text).

A B C D E

Experimental results Snaptron data

skip>css css>skip Total css Total skip
reads reads reads reads

DBASS5 (Table S2)
1 70 css only 11 59 105,757 6884
2 36 css + skip 24 12 10,112 143,955

DBASS3 (Table S2)
3 18 css only 2 16 26,786 2659
4 22 css + skip 11 11 15,839 31,527

5ʹ skip database (Table S3)
5 79 skip only 71 8 5978 217,587
6 3 skip + css 1 2 9395 2852

3ʹ skip database (Table S3)
7 64 skip only 54 10 17,346 349,439
8 4 skip + css 2 2 1939 3185
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The reason why 15% or so of the experimentally identified 5ʹ 
css or 3ʹcss did not match a bss was usually because there were 
no bss reads for comparison (Table S2). Where bss data were 
available, we found that bss did not match the experimentally 
reported 5ʹ or 3ʹ css in only 2 to 3% of cases, listed as poor 
matches in Tables 2 and S2 (css). Table 2 also includes summa-
ries for similar analyses of BRCA1 (Table 1), BRCA2 and DMD 
(Table S2). DBASS5w and DBASS3w of Table 2 summarize an 
analysis of a subcategory of css from DBASS that are activated 
by relatively weak mutations that occur outside the most con-
served regions of the normal 5ʹ or 3’ss (Table S2). The activated 
css of DBASS5w and DBASS3w tend to match bss with parti-
cularly high reads (Table S2). Overall at least 85% of css origi-
nate from bss and usually css match bss with the most reads 
relative to other bss candidates (Table 2).

Exon skipping

We next asked whether background splicing data can indi-
cate whether splice site mutations might cause exon skip-
ping rather than css activation. Some of the papers 
referenced in DBASS report clearly whether or not exon 
skipping accompanied css activation (Table S2 css column 
N). Table 3 column A rows 1 and 2 summarize that there 
are 70 reports of css activation only and 36 reports of both 
exon skipping and css activation for the 5’ss mutations 
analysed in Table S3. For the reports of css activation 
only, the total number of background single exon skip 
reads from the 70 examples is 6884, which is much smaller 
than the total background skip reads (143,955) from the 36 
reports of both css and skip activation, so confirming the 
correlation seen for Table 1. Similar results were found for 
DBASS3 (Table 3, rows 3 and 4).

Table 3 also summarizes an analysis of a second database 
of splicing mutations (Table S3) that generally cause exon 
skipping rather than css activation [10]. Table 3 row 5 
shows that we analysed 79 experimental reports of 5’ss 
mutations that cause exon skipping only. Of these, 71 
examples have higher background splicing reads for exon 
skipping than reads for potential css. Conversely, the 
experimental reports in DBASS5 of 5’ss mutations that 
only caused css activation (column A, row 1) had higher 
reads for the css than for background exon skipping in 59 
out of 70 examples (6 × 10−19). Table 3 shows that similar 
results are found by comparing the 64 examples of 3’ss 
mutations that cause exon skipping only (row 7) with the 
18 examples of 3’ss mutations in DBASS3 (row 3) that 
cause css activation only (p = 1.4 × 10−8). Overall these 
results confirm that the likely effect of splicing mutations 
upon css activation or exon skipping can in general be 
inferred from their background splicing ratios. The excep-
tions to this general finding are shaded in Table 3 and 
discussed in more detail in Tables S2 and S3. This analysis 
shows that when the background reads for single exon 
skipping are greater than the background reads for any 
candidate css, then exon skipping usually occurs in 
response to a splice site mutation (Figure 1(A)).

Multiple exon skipping

Table 4 lists all experimental reports of multiple exon skip-
ping events that we found and compares these to the back-
ground splicing reads from Snaptron. We also included 
experiments that did not detect the multiple skipping events 
indicated by Snaptron but used RT-PCR primers that were 
capable of doing so (rows 33 to 42). We did not include 
predictions of multiple exon skipping from Snaptron where 
experiments were restricted to single skip analyses.

The first three examples of Table 4 are taken from a report 
about proteins LAMP2A, B and C which are generated by 
alternative splicing from a common 5’ss and three alternative 
3’ss [21]. The authors report that the same mutation of the 
common 5’ss has different effects upon single or double exon 
skipping by each 3ʹ alternative ss. It can be seen that these 
differences in skipping correlate well with the relevant back-
ground splicing reads (Table 4, Appendix 1). Other notable 
features of Table 4 include reports of double exon skips only 
(rows 19 and 26) or mainly double exon skipping (rows 3, 7, 
9, 22 and 24) and how this correlates with the higher back-
ground reads for double skips than single exon skips in 
Snaptron. Similarly the reports of css and triple exon skipping 
(row 18) and single and quadruple exon skipping (row 23) are 
a good match to the background splicing reads.

There are ten examples (rows 33 to 42) in Table 4 where 
the experimental results do not match the multiple exon skip 
predictions from Snaptron and seven examples (8, 12, 13, 15, 
18, 28 and 30) where there is some but not exact agreement. 
There are also six css listed that did not match bss. For the css 
of row 5, Snaptron has no bss with which to compare and for 
row 2 the css has a non-consensus sequence, which is filtered 
from Snaptron [9]. The other four non-matching css are 
discussed at the bottom of the source tables. This analysis 
shows that high background reads for multiple exon skips is 
a reasonable indication that these events will occur in 
response to splice site mutations.

Other aspects of splicing

Figure 2 shows that background splice sites also strongly 
match de novo ss mutations, pseudoexon splice sites, recur-
sive splice sites and the aberrant splice sites that are activated 
in cancer. These findings are discussed below and in 
Appendices 2 to 4.

Discussion

Our analysis shows that when a splice site is mutated, the 
non-mutated partner splice site(s) instead usually splices to its 
strongest background splice sites. Consequently, the effect of 
splice site mutations upon css activation or exon skipping 
(Figure 1(A)) can be predicted from background splicing 
information for normal genes. Table 2 shows that css match 
bss in about 85% of cases and that 75% of 5ʹ css and 64% of 
3ʹcss match bss with the most reads. When exon skipping only 
is caused by a splice site mutation this correlates with higher 
background reads for skipping compared to candidate css 
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reads in 125/143 (87%) of examples (Table 3). Table 4 shows 
that the experimental reports of multiple exon skipping 
caused by splicing mutations also correlate well with back-
ground splicing reads. Consequently, an initial consideration 
of background splicing gives a useful indication of the primer 
design required to investigate the likely effect of a potential 
intron splice site mutation and should help to interpret RT- 
PCR results, particularly those that are complicated by alter-
native splicing (Appendix 1). It should be noted that this 
paper is not informative about intron retention, which is an 
aberrant effect that is sometimes caused by splice site 
mutations.

Background splice sites also strongly match the splice sites 
used for other aspects of splicing (Figure 2, Appendices 2 to 4 
and see below) and background splicing information is also of 
value to splicing therapy (Appendix 5 and see below).

We generally restricted our css candidates to bss within 
1000 bases of the mutated intron ss (Figure 1(A)), because this 
is a known feature of css activation [6] (Table S2 index). 
However, many intron bss are greater than 1000 bases from 
an intron ss and in about 10% of introns, these sites have the 

highest number of reads (Table S3). Some of these more 
distant bss have facilitated pseudoexon formation and some 
are recursive splice sites (see below).

Eight percent of css did not match bss listed in Snaptron 
but this value is likely to decrease as RNA sequencing data-
bases increase in size (see below). There might however be 
a higher level of false positives, ie bss within 1000 bp of 
a splice site mutation that are not activated as css. For exam-
ple, Table 1 lists four top bss of BRCA1 (column 5, rows 5, 24, 
31, 35) that were not activated as css despite having more 
reads than the bss that matched the css. Of course some of 
these top bss might be identified as css in subsequent experi-
ments, Figure 1B provides an example of this. The upper limit 
of top bss that are css false positives can be estimated from 
Table 2 as the proportion of css that matched bss that did not 
have the highest reads. For DBASS5 this is 51/201 (25%) and 
for DBASS3 35/97 (36%). Other methods give a lower false- 
positive estimate (Appendix 1).

For multiple exon skipping, we suggest that the level of 
false positives indicated by Table 4 (10 out of 42), is an upper 
limit. We included these ten examples because the RT-PCR 

Table 4. Multi-exon skipping events. Experimental reports of mutations that cause multi-exon skipping compared to background splicing predictions. Genes are 
listed in column B and the experimental results are listed in column C and also column F. Snaptron data is compared in columns D, E and G to I. For shading see text.

A B C D E F G H I

Splice site mutations that cause multiple exon skipping Snaptron data

Gene Experimental effect
Single skip 

reads
Double skip 

reads css
css 

match
css 

reads Source

1 LAMP2A Single and double exon skip (similar ratio). 64 80 no Appendix 1
2 LAMP2B weak css and strong single exon skip, no double skip 8 0 yes × 0 Appendix 1
3 LAMP2C weak single exon skip and strong double exon skip 1 25 no Appendix 1
4 p67-PHOX css, single and double skip, relative ratios not given 26 1 yes √ 3 Table S2 5ʹcss
5 PKLR css, single (major event) and double skips 0 0 yes × 0 Table S2 5ʹcss
6 ATP7A css, single (major event) and double skips 340 84 yes √ 24 Table S2 5ʹcss
7 COL5A1 css (x2, weakest), exon skip, double exon skip (major) 1 60 yes √√ 10,6 Table S2 3ʹcss
8 HPRT1 css (20%), exon skip (60%), double skip (20%) 26 914 yes √ 410 Table S2 3ʹcss
9 ALDH3A2 Single and double exon skip (strongest) 748 4364 no TableS3 5’skip
10 ATM Single skip (90%) and double skip (10%) 734 56 no TableS3 5’skip
11 CAPN3 Double exon skip reported (single skip unclear) 8 2 no TableS3 5’skip
12 ECHA Single (major) and double exon skip (minor) 22 285 no TableS3 5’skip
13 NTRK1 Single (stronger) and double exon skip. 9 42 no TableS3 5’skip
14 SEDL single and double exon skip (ratio not clear). 194 135 no TableS3 5’skip
15 WT1 Single and double exon skip (similar amounts). 0 6 no TableS3 5’skip
16 ALDH3A2 Single and double exon skip. Ratio not given 6111 1536 no TableS3 3’skip
17 ATM Single and double exon skip. Ratio not given. 1052 683 no TableS3 3’skip
18 BTK Triple exon skip and css only 1 11, 27 (triple) yes √ 66 TableS3 3’skip
19 KCNQ1 Double exon skip only. 0 295 no TableS3 3’skip
20 BRCA1 Single and double skip (weak) 971 58 no Table 1
21 BRCA1 css, single (major events) and double skip (minor) 476 356 yes √ 494 Table 1
22 BRCA2 Single and double skip (major effect for 1 of 2 reports) 4 62 no Table S4
23 BRCA2 Single and quadruple skip 56 22, 144, 194(quad) no Table S4
24 BRCA2 Single and double skip (major effect) 14 64 no Table S4
25 BRCA2 Single and double skip (minor) 37 8 no Table S4
26 DMD double skip only 7 83 no Table S5
27 DMD skip and double skip (ratio not given) 4 67 no Table S5
28 DMD skip and double skip (ratio not given) 19 0 no Table S5
29 DMD css, skip (strongest) and double skip (weakest) 92 1 yes √ 12 Table S5
30 DMD skip, double skip, triple skip (ratio not clear) 0 21, 6 (triple) no Table S5
31 DMD css, skip, double skip (ratio not clear) 13 1 yes √ 1 Table S5
32 SLC35A1 css (major) single skip, double skip (weakest) 2919 650 yes √ 26,028 Table S6 5ʹcss
33 FGA multiple css reported but no single or double exon skipping 1 11 yes × 1,0,3 Table S3 5ʹcss
34 COL5A1 Single and double exon skips not reported 10 27 yes × 0 Table S3 5ʹcss
35 STK11 only css reported 0 2058 yes √ 79,56 Table S3 3ʹcss
36 COL7A1 only a css reported 895 494 yes × 151 Table S3 3ʹcss
37 FBN1 Single exon skip only 9 55 no Table S3 3’ss
38 BRCA1 css at −62 reported but not single or double exon skipping 3 2 yes √ 0 Table 1
39 BRCA2 css and a single exon skip reported but not a double skip 15 390 yes √ 0,23 Table S4
40 DMD single exon skip reported 0 8 no Table S5
41 DMD single exon skip reported but not a triple skip 3 0, 10(triple) no Table S5
42 DMD css and single exon skip but not a double skip reported 11 21 yes √ 1 Table S5
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primers that were used were capable of detecting the multiple 
exon skips indicated by Snaptron (Table 4). However, there 
may be other reasons why some of these skipping events, if 
they occurred, were not reported.

Six of the 199 mutations chosen from DBASS5 and 2 of 99 
mutations from DBASS3 (Table S2) generate more 

complicated patterns of aberrant splicing than those illu-
strated in Figure 1A. These are separately analysed and dis-
cussed in Appendix 6.

Snaptron has four different RNA sequencing databases [9] 
(Materials and methods). We initially analysed the first data-
base SRAv1 but as a control we also analysed BRCA1 and 
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Figure 2. A-C. The three most common ways of generating a pseudoexon [9]. A) A 3ʹ de novo mutation activates a downstream 5ʹ pseudo splice site. B) A 5ʹ de novo 
mutation activates an upstream 3ʹ pseudo splice C) Mutations other than de novo splice site mutations can enhance pseudoexon usage, of these the most common 
mutations occur within the pseudoexon. D) Match between background splices sites (bss) with de novo splice sites, pseudoexon ss (pss), recursive ss (RS) and 
aberrant ss in cancer (Tables S4, S5). Columns 1: 47/50 match between bss and ‘enhanced’ de novo ss. 2, 3: 63/71 and 14/22 match between bss and the 3ʹ or 5ʹ pss 
of pseudoexons type I (Figure 2(A,B)). 4: 71/77 bss that match the pseudo ss of type I pseudoexons are nearest to the causative de novo mutation. 5: 50/52 match of 
bss to the 3ʹ or 5ʹ ss of pseudoexons type II (Figure 2(C)). 6: 48/50 type II pss match intron bss with top 3 reads. 7: 20/20 match between bss and 3ʹ recursive splice 
sites identified in a genome screen [42] 8: 124/148 match between bss and 3ʹRS and 5ʹRS of DMD43 9:72/72 match between bss and aberrant ss activated by 
mutations of the spliceosome.
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BRCA2 splicing mutations using the smaller GTEx and larger 
SRAv2 databases (Table S6). We found 35 experimentally 
reported css from both BRAC1 and BRCA2 of which 29 
match bss listed in SRAv1 (Table S6). Use of the larger 
SRAv2 database increased the number of matches to 32/35, 
whereas the smaller GTEx database, which is made entirely 
from normal (non-diseased) tissue, had only 18/35 matches. 
Table S6 shows that the ratio of intron to css reads for each of 
the css of BRCA1 and BRCA2 have similar values when 
calculated from GTEx or from the SRA databases, so demon-
strating that css usage occurs at similar frequencies in the 
three databases. Therefore, background splicing is a property 
of normal genes expressed in normal tissues, as expected [7,8].

The match between 5ʹcss and bss in DBASS increases from 
201 to 219/237 (92%) with SRAv2 and from 97 to 101/110 
(92%) for 3ʹcss (Tables 2, S2). However, the match between 
bss and css reports for DMD is less than average (Table 2). 
The match between css and bss increased slightly with the use 
of the larger SRAv2 database from 10/22 to 13/22, this is again 
below average most probably because there are still relatively 
few sequencing reads for DMD even in SRAv2 (Table S2).

Genetic disease is also caused by de novo splice site muta-
tions (Table S2 index), which may also activate pseudoexons 
(Figure 2(A,B)). Snaptron shows that in 47/50 cases de novo 
ss match bss, which means that these sites were already active 
at a low level prior to the de novo mutations that enhanced 
already existing GT, GC or AG dinucleotides (Figure 2(D), 
Appendix 2). The filtering system of the Snaptron database 
precludes testing whether de novo GT, GC or AG splice sites 
matched bss prior to their creation (Appendix 2)

The 3ʹ pseudoexon splice sites (pss) that are co-activated by 
5ʹ de novo splice sites (Figure 2(B)) matched bss in 63/71 cases 
and 14/22 for 5ʹpss (Figure 2(A, D)). Of these bss matches, 71/ 
77 were the nearest bss to the de novo ss mutation (Figure 2(D), 
Appendix 2). For those pseudoexons (Figure 2(C)) that are 
generated typically by mutations of auxiliary splicing motifs 
we report that the pseudoexon splice sites match particularly 
active bss in 48 out of 52 examples (Figure 2(D) column 6, 
p = 1 × 10−10, Appendix 2). An analysis by Keegan [22] indicates 
that the splice sites of this type of pseudoexon (Figure 2(C)) 
often originate from recursive splice sites.

There are many excellent in silico programmes that can 
assess whether a variant of unknown significance is likely to 
generate a de novo splice site or to disrupt a splicing regula-
tory element [23,24]. In addition, it may prove useful to cross- 
reference the Snaptron database which provides information 
as to whether a candidate de novo ss was active prior to the 
mutation and whether candidate mutations of auxiliary spli-
cing motifs lie within or are in close proximity to semi- 
dormant pseudoexons (Appendix 2).

There are a number of possible improvements that can be 
made to the method presented here. Systematically compar-
ing the observed usage of bss with their splice site strength 
and presence of auxiliary splicing sites, as used by in silico 
modelling methods [2–5,23,24] may prove to be informative 
for both approaches. Expected future increases in size of the 
GTEx RNA sequencing database will facilitate the compar-
ison of experimental data, which is often obtained from 

patient lymphocytes, with background splicing data from 
the most relevant normal tissue.

Sibley et al (2015) previously established that recursive splice 
sites and recursive exons can be identified from RNA seq data 
[25]. In agreement with this we found that the large majority of 
reported recursive ss match bss, particularly those bss with high 
reads (Figure 2(D), Appendix 3). Consequently, the Snaptron 
database contains a very large number of recursive ss candidates.

Mutations of the spliceosome are reported to activate novel 
aberrant splicing events in leukaemia and other cancers [26– 
31]. We report that 72/72 of the aberrant splice sites in cancer 
samples that we analysed match bss in RNA splicing databases 
made from normal tissue (Figure 2(D), Appendix 4). 
Furthermore, the bss that match the cancer ss have relatively 
high reads compared to other bss (Appendix 4). Our finding 
that mutations of the spliceosome enhance strong bss, rather 
than activate entirely novel ss, is consistent with the likely 
subtle effects of the spliceosome mutations upon splice site 
recognition [31,32] and is consistent with a previous report 
that 80% of exon–exon junctions that were thought to be 
cancer specific are found in non-cancer cells [33].

An important goal is to identify which of many aberrant 
splicing pathways have a causal role in cancer. There is strong 
evidence that mutations of splicing components SRSF2 and 
SF3B1 cause cancer in part by enhancing the inclusion of 
pseudoexons with in-frame stop codons for two genes EZH2 
and BRD9, respectively, [34–36]. The ‘poisoned’ pseudoexon 
of EZH2 is conserved and expressed in healthy tissue [34]. 
Snaptron shows that the poisoned pseudoexon of BRD9 is 
also spliced in healthy tissue, at 5% of the level of the host 
intron (Appendix 4). Therefore in both causal cases the spli-
cing machinery mutations enhance alternative splicing events 
that are arguably already established.

Antisense oligonucleotides (ASOs) are often used to cor-
rect mutations that create de novo splice sites and pseudoex-
ons [37]. However, the use of ASOs to restore normal splicing 
by blocking css is rarely reported. We identified three such 
experimental reports after searching PubMed [38–40]. In all 
cases the target css are activated by relatively weak splice site 
mutations and the css originates from a dominant bss 
(Appendix 5). Table S2 (DBASSw) lists 44 medical syndromes 
that can be caused by weak 5ʹ or 3ʹ splice site mutations and 
in 25 of these cases the activated css matches a dominant bss 
(Appendix 5, Table S2), indicating that these 25 cases are also 
good candidates for the same approach.

ASOs that are designed to cause single exon skipping, 
sometimes cause double exon skipping as an unwanted side 
effect [41,42]. Background splicing information can identify 
likely double and multiple exon skipping events caused by 
splice site mutations (Table 4) and may also predict multiple 
skipping effects of ASOs (Appendix 5).

Acknowledgments

We are most grateful to Chris Wilks and Ben Langmead for helping us to 
analyse their Snaptron database and we also acknowledge the generous 
help of Annemieke Aartsma-Rus, Isabella Gazzoli and Yuri Kapustin.

RNA BIOLOGY 263



Disclosure statement
No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the BBSRC and the Genesis Research Trust 
F36008;Biotechnology and Biological Sciences Research Council [BB/ 
F017359/1];

Data availability
All data used here is available in the supplementary files except for the 
raw Snaptron data (for example Figure 1(B,C)), which can either be 
freely downloaded from the Snaptron database (see Appendix 1) or is 
available upon request.

ORCID
Vorechovsky I http://orcid.org/0000-0002-6740-6502
Castellano L http://orcid.org/0000-0002-3059-4829

References

[1] Scotti MM, Swanson MS. RNA mis-splicing in disease. Nat Rev 
Genet. 2016;17(1):19–32.

[2] Baralle D, Buratti E. RNA splicing in human disease and in the 
clinic. Clin Sci (Lond). 2017;131(5):355–368.

[3] Jian X, Boerwinkle E, Liu X. In silico tools for splicing defect 
prediction: a survey from the viewpoint of end users. Genet Med. 
2014;16(7):497–503.

[4] Moles-Fernandez A, Duran-Lozano L, Montalban G, et al. 
Computational tools for splicing defect prediction in breast/ovar-
ian cancer genes: how efficient are they at Predicting RNA 
Alterations? Front Genet. 2018;9:366.

[5] Alvarez MEV, Chivers M, Borovska I, et al. Transposon clusters as 
substrates for aberrant splice-site activation. RNA Biol. 2021;18 
(3):354–367.

[6] Buratti E, Chivers M, Hwang G, et al. DBASS3 and DBASS5: 
databases of aberrant 3ʹ- and 5ʹ-splice sites. Nucleic Acids Res. 
2011;39:D86–91.

[7] Kapustin Y, Chan E, Sarkar R, et al. Cryptic splice sites and split 
genes. Nucleic Acids Res. 2011;39(14):5837–5844.

[8] Pickrell JK, Pai AA, Gilad Y, et al. Noisy splicing drives mRNA 
isoform diversity in human cells. PLoS Genet. 2010;6(12): 
e1001236.

[9] Wilks C, Gaddipati P, Nellore A, et al. Snaptron: querying splicing 
patterns across tens of thousands of RNA-seq samples. 
Bioinformatics. 2018;34(1):114–116.

[10] Divina P, Kvitkovicova A, Buratti E, et al. Ab initio prediction of 
mutation-induced cryptic splice-site activation and exon skipping. 
Eur J Hum Genet. 2009;17(6):759–765.

[11] Stenson PD, Mort M, Ball EV, et al. The human gene mutation 
database (HGMD((R))): optimizing its use in a clinical diagnostic 
or research setting. Hum Genet. 2020;139(10):1197–1207.

[12] Fokkema IF, Taschner PE, Schaafsma GC, et al. LOVD v.2.0: the 
next generation in gene variant databases. Hum Mutat. 2011;32 
(5):557–563.

[13] Kent WJ. BLAT–the BLAST-like alignment tool. Genome Res. 
2002;12(4):656–664.

[14] Kent WJ, Sugnet CW, Furey TS, et al. The human genome 
browser at UCSC. Genome Res. 2002;12(6):996–1006.

[15] Thomassen M, Blanco A, Montagna M, et al. Characterization of 
BRCA1 and BRCA2 splicing variants: a collaborative report by 
ENIGMA consortium members. Breast Cancer Res Treat. 
2012;132(3):1009–1023.

[16] Whiley PJ, de La Hoya M, Thomassen M, et al. Comparison 
of mRNA splicing assay protocols across multiple 

laboratories: recommendations for best practice in standar-
dized clinical testing. Clin Chem. 2014;60(2):341–352.

[17] Wappenschmidt B, Becker AA, Hauke J, et al. Analysis of 30 
putative BRCA1 splicing mutations in hereditary breast and 
ovarian cancer families identifies exonic splice site mutations 
that escape in silico prediction. PLoS One. 2012;7(12):e50800.

[18] Colombo M, De Vecchi G, Caleca L, et al. Comparative in vitro 
and in silico analyses of variants in splicing regions of BRCA1 and 
BRCA2 genes and characterization of novel pathogenic mutations. 
PLoS One. 2013;8(2):e57173.

[19] Baert A, Depuydt J, Van Maerken T, et al. Analysis of chromo-
somal radiosensitivity of healthy BRCA2 mutation carriers and 
non-carriers in BRCA families with the G2 micronucleus assay. 
Oncol Rep. 2017;37(3):1379–1386.

[20] Scholl T, Pyne MT, Russo D, et al. BRCA1 IVS16+6T–>C is 
a deleterious mutation that creates an aberrant transcript by 
activating a cryptic splice donor site. Am J Med Genet. 1999;85 
(2):113–116.

[21] Di Blasi C, Jarre L, Blasevich F, et al. Danon disease: a novel 
LAMP2 mutation affecting the pre-mRNA splicing and causing 
aberrant transcripts and partial protein expression. Neuromuscul 
Disord. 2008;18(12):962–966.

[22] Keegan NP. Pseudoexons of the DMD Gene. J Neuromuscul Dis. 
2020;7(2):77–95.

[23] Spurdle AB, Couch FJ, Hogervorst FB, et al., Group IUGVW. 
Prediction and assessment of splicing alterations: implications 
for clinical testing. Hum Mutat. 2008;29(11):1304–1313.

[24] Ohno K, Takeda JI, Masuda A. Rules and tools to predict the 
splicing effects of exonic and intronic mutations. Wiley 
Interdiscip Rev RNA. 2018;9(1). DOI:10.1002/wrna.1451

[25] Sibley CR, Emmett W, Blazquez L, et al. Recursive splicing in long 
vertebrate genes. Nature. 2015;521(7552):371–375.

[26] Yoshida K, Sanada M, Shiraishi Y, et al. Frequent pathway muta-
tions of splicing machinery in myelodysplasia. Nature. 2011;478 
(7367):64–69.

[27] Darman RB, Seiler M, Agrawal AA, et al. Cancer-Associated 
SF3B1 hotspot mutations Induce cryptic 3′ splice site selection 
through use of a different branch point. Cell Rep. 2015;13 
(5):1033–1045.

[28] DeBoever C, Ghia EM, Shepard PJ, et al. Transcriptome sequen-
cing reveals potential mechanism of cryptic 3’ splice site selection 
in SF3B1-mutated cancers. PLoS Comput Biol. 2015;11(3): 
e1004105.

[29] Ilagan JO, Ramakrishnan A, Hayes B, et al. U2AF1 mutations alter 
splice site recognition in hematological malignancies. Genome 
Res. 2015;25(1):14–26.

[30] Zhang J, Lieu YK, Ali AM, et al. Disease-associated mutation in 
SRSF2 misregulates splicing by altering RNA-binding affinities. 
Proc Natl Acad Sci U S A. 2015;112(34):E4726–34.

[31] Suzuki H, Kumar SA, Shuai S, et al. Recurrent noncoding 
U1 snRNA mutations drive cryptic splicing in SHH medulloblas-
toma. Nature. 2019;574(7780):707–711.

[32] Escobar-Hoyos L, Knorr K, Abdel-Wahab O. Aberrant RNA spli-
cing in cancer. Annu Rev Canc Biol. 2019;3(1):167–185.

[33] David JK, Maden SK, Weeder BR, et al. Putatively cancer-specific 
exon-exon junctions are shared across patients and present in 
developmental and other non-cancer cells. NAR Cancer. 2020;2 
(1):zcaa001.

[34] Kim E, Ilagan JO, Liang Y, et al. SRSF2 mutations contribute to 
myelodysplasia by mutant-specific effects on exon recognition. 
Cancer Cell. 2015;27(5):617–630.

[35] Inoue D, Chew GL, Liu B, et al. Spliceosomal disruption of the 
non-canonical BAF complex in cancer. Nature. 2019;574 
(7778):432–436.

[36] Inoue D, Bradley RK, Abdel-Wahab O. Spliceosomal gene muta-
tions in myelodysplasia: molecular links to clonal abnormalities of 
hematopoiesis. Genes Dev. 2016;30(9):989–1001.

[37] Dominski Z, Kole R. Restoration of correct splicing in thalassemic 
pre-mRNA by antisense oligonucleotides. Proc Natl Acad Sci 
U S A. 1993;90(18):8673–8677.

264 A. D ET AL.

https://doi.org/10.1002/wrna.1451


[38] Hu Y, Mohassel P, Donkervoort S, et al. Identification of a novel 
deep intronic mutation in CAPN3 presenting a promising target 
for therapeutic splice modulation. J Neuromuscul Dis. 2019;6 
(4):475–483.

[39] Oustric V, Manceau H, Ducamp S, et al. Antisense 
oligonucleotide-based therapy in human erythropoietic 
protoporphyria. Am J Hum Genet. 2014;94(4):611–617.

[40] Uchikawa H, Fujii K, Kohno Y, et al. U7 
snRNA-mediated correction of aberrant splicing caused by 

activation of cryptic splice sites. J Hum Genet. 2007;52 
(11):891–897.

[41] Aartsma-Rus A, De Winter CL, Janson AA, et al. Functional 
analysis of 114 exon-internal AONs for targeted DMD exon 
skipping: indication for steric hindrance of SR protein binding 
sites. Oligonucleotides. 2005;15(4):284–297.

[42] Wilton SD, Fall AM, Harding PL, et al. Antisense 
oligonucleotide-induced exon skipping across the human dystro-
phin gene transcript. Mol Ther. 2007;15(7):1288–1296.

RNA BIOLOGY 265


	Abstract
	Introduction
	Materials and methods
	Results
	BRCA1

	Further css analysis
	Exon skipping
	Multiple exon skipping
	Other aspects of splicing
	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	Data availability
	References

