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ABSTRACT

Dysregulation of RNA splicing contributes to both
rare and complex diseases. RNA-sequencing data
from human tissues has shown that this process can
be inaccurate, resulting in the presence of novel in-
trons detected at low frequency across samples and
within an individual. To enable the full spectrum of
intron use to be explored, we have developed Intro-
Verse, which offers an extensive catalogue on the
splicing of 332,571 annotated introns and a linked set
of 4,679,474 novel junctions covering 32,669 differ-
ent genes. This dataset has been generated through
the analysis of 17,510 human control RNA samples
from 54 tissues provided by the Genotype-Tissue Ex-
pression Consortium. IntroVerse has two unique fea-
tures: (i) it provides a complete catalogue of novel
junctions and (ii) each novel junction has been as-
signed to a specific annotated intron. This unique,
hierarchical structure offers multiple uses, including
the identification of novel transcripts from known
genes and their tissue-specific usage, and the as-
sessment of background splicing noise for introns
thought to be mis-spliced in disease states. Intro-
Verse provides a user-friendly web interface and is
freely available at https://rytenlab.com/browser/app/
introverse.

INTRODUCTION

Since the discovery of introns in 1977 (1,2), there has been
increasing interest in splicing and, in particular, in alterna-

tive splicing as a means of generating transcriptomic diver-
sity. In humans, it is now recognised that nearly all multi-
exon genes have multiple isoforms (3,4) and that dysreg-
ulation of splicing contributes to both rare and complex
disease (5-7). Many of these insights have been gained us-
ing short-read RNA-sequencing data (8), which enables
high throughput novel intron discovery by identifying reads
which map with a gapped alignment to the genome, termed
junction reads. To date, most RNA-sequencing splicing
analyses have focused on identifying functionally important
transcripts, their exons and usage, with an increasing inter-
est in disease-specific applications as exemplified by RJun-
Base (9) (that offers an extended classification of splice junc-
tions from non-cancerous and cancerous human samples).
These priorities are reflected in existing splicing databases,
which commonly filter splicing events based on their fre-
quency, such that only a subset of introns thought to be part
of stable transcripts are visible to the user (10-13) or do not
provide a freely-available user-friendly web tool to browse
and explore all detected novel junctions and their implied
introns (14,15).

However, the increasing depth and availability of large
quantities of publicly accessible RNA-sequencing data
have made clear that splicing errors are common (16—
19), resulting in the consistent detection of partially-
unannotated junction reads at low frequency across sam-
ples and within individuals (19). Quantifying these er-
rors, differentiating them from splicing events due to the
presence of novel rare transcripts and identifying pat-
terns in splicing variation have become increasingly impor-
tant with the recognition of the role of splicing in age-
ing (DOI:10.1101/2022.03.14.484341), the use of RNA-
sequencing data to improve diagnostics (20) and the use
of long-read RNA-sequencing data for discovery of rare
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transcripts (21). Despite this interest, there are no existing
databases that allow the full spectrum of intron use to be
explored.

To bridge this gap, we created IntroVerse, which currently
offers an extensive catalogue on the usage of 332,571 an-
notated introns and a linked set of 4,679,474 novel junc-
tions and their implied novel introns covering 32,669 dif-
ferent genes. This data set was generated through the anal-
ysis of 17,510 human control RNA samples across 54 tis-
sues provided by the Genotype-Tissue Expression Consor-
tium v8 (22) and processed by recount3 (23). IntroVerse has
two unique features: (i) it provides a complete catalogue
of carefully processed and quality-controlled annotated in-
trons and (ii) each novel junction (as implied by a novel split
read) has been assigned to a specific annotated intron. The
latter is key to the creation of a hierarchical database struc-
ture which allows the user to start by browsing a gene or
genomic position of interest and end with an exploration of
the entire catalogue of alternative splicing events. To enable
users to prioritise annotated introns and novel junctions of
greatest interest, we also provide complementary informa-
tion on key parameters including: measures of splicing ac-
curacy at each annotated intron, the percentage of individ-
uals in which each splicing event has been observed, 5" and
3’ sequence strength (24), sequence conservation (25) across
primates in proximal intronic regions, sequence constraint
(26) across humans in proximal intronic regions and mean
read coverage. Furthermore, IntroVerse offers the user the
opportunity to visualise novel junctions and their frequency
within the main transcript structure, with the resulting plots
downloadable in SVG format.

IntroVerse has common use cases relevant to a range of
user groups which include: (i) the assessment of background
splicing noise for introns thought to be mis-spliced in dis-
ease states so aiding diagnosis of rare pathogenic splicing
mutations and (ii) the identification of novel transcripts of
known genes and their tissue-specific usage. Focusing on the
latter, we note that in a single tissue, frontal cortex, we de-
tected 2,048 novel junctions which are used in > 80% of
independent samples (N = 167) and which correspond to
1,420 genes suggesting the existence of incomplete annota-
tion at these sites. Importantly, we found that the discovery
of such sites was only weakly correlated with read coverage
(R*> = 3.7e-2, P-value < 2e—16, Supplementary Figure S1).
Thus, IntroVerse enables the efficient identification of genes
for which existing transcriptome annotation is incomplete,
providing key information to direct targeted analyses.

IntroVerse does not require registration or login for ac-
cess, and it is freely available for research use and data
download from multiple devices, screen sizes and browsers
at https://rytenlab.com/browser/app/introverse. IntroVerse
is also available in docker format at https://hub.docker.com/
r/soniaruiz/introverse.

MATERIALS AND METHODS
GTEx v8 data collection and processing of split read data

IntroVerse is based on RNA-sequencing data gener-
ated by the GTEx v8 (22) project. As such it in-
cludes data on 17,510 samples across 948 post-mortem

donors and 54 tissues after accounting for the exclu-
sion of samples that did not meet the minimum GTEx
quality control criteria (gtex.smafrze = 'EXCLUDE';
N = 1,571) (Figure 1, Figure 2). RNA-sequencing data
from the project, which used the Illumina TruSeq library
construction protocol (non-stranded 75 base pairs (bp) long
reads, polyA+ selection), was processed by recount3 us-
ing Monorail (23). The latter implements STAR (27) to
align reads to the human genome (hg38/GRCh38) and
summarise split reads (those mapping to the genome with
a gapped alignment), and Megadepth (28) version 1.0.3
to analyse the BAM file outputs generated by STAR. We
downloaded all split read data corresponding to GTEx v8
samples using the R package recount3 version 1.6.0.

To identify split reads that were most likely to be gener-
ated through the activity of spliceosomes, we removed all
reads whose implied intron length (defined by the gap in
alignment to the genome) was less than 25 bp, the minimum
length required for all essential splicing signals (29) (Figure
1). In order to increase the confidence in the spliceosome
origin of these split reads, we discarded the reads located
within unlocalized and unplaced (i.e. random) sequences,
due to their inability to be located within the hg38 chro-
mosomes 1-22 (chrl—chr22), X (chrX), Y (chrY) with a
specific order and orientation. We also discarded all split
reads that overlapped with any regions published within the
ENCODE Blacklist (30) (Figure 1) as this list contains the
DNA regions (hg38) where assembly had been difficult and,
thus, their removal result in an essential quality measure.

The split reads meeting these initial quality-control cri-
teria were then annotated to the Ensembl v105 reference
transcriptome by using the junction_annot () func-
tion made available through the Bioconductor R package
dasper (DOI:10.1101/2021.03.29.437534) version 1.4.3.
Depending on the genomic coordinates of the split reads,
these were classified by dasper into seven different junc-
tion categories: annotated, novel donor, novel acceptor,
novel combo, novel exon skip, ambiguous and completely
unannotated. Due to their unique ability to be linked to
an annotated intron and, therefore, to a gene in annota-
tion, we only considered reads classified as (i) ‘annotated’
junction reads, defined as split reads for which both ends of
the implied intron precisely matched an intron within an-
notation, (ii) ‘novel donor’ junction reads, defined as split
reads for which only the acceptor site precisely matched an
intron-exon boundary within annotation and (iii) ‘novel ac-
ceptor’ junction reads, defined as split reads for which only
the donor site precisely matched an exon-intron bound-
ary within the annotation (Figure 1C). These three types
of split read, henceforth referred to as annotated introns,
novel donor and novel acceptor junctions, were incorpo-
rated into IntroVerse. The latter two categories, collectively
referred to as novel junctions, implied the usage of novel
introns.

Identification of mis-splicing events and their association to
annotated introns

By default, novel junctions meeting the criteria defined in
GTEx v8 data collection and processing ofsplit read data,
were considered to be products of mis-splicing events gen-

2202 JaquisAoN €z uo Jasn uopuoT abs|j0) AlsisAlun Aq §£Z££89/95010e36/1eU/S601°0 L /I0p/8]o1le-e0uBApe/Jeu/woo dno olwapese//:sdiy Woll papeojumod


https://rytenlab.com/browser/app/introverse
https://hub.docker.com/r/soniaruiz/introverse

Nucleic Acids Research, 2022 3

>= 5 nucleotides

6 nucleotides YURAC (R standing for purines

GURAGU (R standing for

. (Aor G) and Y standing for 2 nucleotides
purines (A or G)) pyrimidines (C or U)) AG
—— ——
f_%
exon 5'ss | BPS | AGEZ + PTT 3ss | exon

Region with variable length - The AG Exclusion Zone (AGEZ)

it has not been reported as (~12 bp) - does not contain any
containing any splicing signal AG dinucleotide in the first ~12

nucleotides upstream the 3'ss.
PTT (polypyrimidine tract region),
has a minimum length of 9 bp, or
uridine content >=5 bp

proximal 5' proximal 3'
intronic region intronic region
f_% I_/%
-5 +35 bp -35 +5 bp
exon intron. ! exon
GTEx v8
32,679,662 split reads
remove 1,425,981 remove 24,271,554 split reads remove 2,167
remove 545,894 split reads split reads mapping L classified as novel combo, novel exon annotated introns and
not aligning to hg38. to ENCODE blacklist skip, ambiguous or completely novel junctions
regions unannotated shorter than 25bp
6,106,495 annotated . . . .
introns, novel donor and discard 308.24:7 an?otat(;d introns and dlscartd t19;,?24 |n|t;o|ns
novel acceptor junctions " nc;ve llfg;(':ol_njDE,m | ‘ annotated to multiple
ready to be paired gtex.smafrze= samples genes
discard 730,125 novel discard 346,419 ambiguous novel IntroVerse
junctions that did not have a junctions and their corresponding 332,571 annotated
paired annotated intron 17,906 unique annotated introns introns & 4,679,474
novel junctions

Figure 1. Overview of the quality-control steps applied to the original dataset of split reads provided by GTEx v8 and processed by recount3. (A) Length
of the canonical splicing signals. All split reads considered were at least 25 bp long. (B) Length of the proximal intronic regions that were considered for
the calculation of the mean conservation score across primates and mean constraint values across humans of the overlapping sequences. (C) Flow chart
containing the complete quality-control process applied to the original dataset of split reads provided by GTEx v8 and processed by recount3 before the
construction of IntroVerse.
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Figure 2. Data statistics and SQL Schema designed for IntroVerse. (A) Sample count by tissue. Each bar represents the number of samples per body site
considered in IntroVerse. (B) Database summary statistics. (C) SQL schema design for IntroVerse. The table ‘annotated intron’ corresponds to the table
‘intron’” in the SQLite schema, and the table ‘novel junction’ refers to the table ‘novel’ in the SQLite schema.
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erated through the inaccurate excision of annotated introns
(defined by Ensembl v105). While this definition of mis-
splicing assumes that current transcriptome annotation is
complete (which we recognise is not the case), it is impor-
tant to note that the addition of novel introns into annota-
tion has been plateauing for some time (14) making this a
reasonable working assumption.

Next, to enable the identification of mis-splicing events,
we started by assigning each novel donor and acceptor junc-
tion to a known annotated intron through sharing of their
single annotated splice site (Figure 3B). To increase confi-
dence in junction pairing, we ensured that each novel junc-
tion was only paired to an annotated intron if there was also
evidence for use of that specific annotated intron in every
sample in which the novel junction was found, as defined by
the presence of > 1 annotated junction read in each sample.
In total, 730,125 novel donor and acceptor junctions were
discarded from this project as there was not any compat-
ible annotated intron meeting the aforementioned criteria
to pair them with among the set of samples studied.

Since we considered mis-splicing to be the result of the
inaccurate excision of annotated introns, a novel junction
could only be the result of the mis-splicing of a single unique
intron, regardless of the sample or body site in which the
novel event had been found. Consequently, all novel donor
and acceptor junctions able to be paired to multiple anno-
tated introns within a sample or across samples, were con-
sidered ambiguous and discarded from this project. This re-
sulted in the discard of 346,419 ambiguous novel junctions
and 17,906 annotated introns that were uniquely parenting
them, with none of them included in IntroVerse. In total,
1,094,450 annotated introns and novel junctions were ex-
cluded from IntroVerse (Figure 1).

Quantifying the levels of mis-splicing at an annotated intron
using the mis-splicing ratio measure

To determine the mis-splicing rate for any annotated intron
across samples of a given tissue, we generated a measure,
which we termed the mis-splicing ratio (MSR). Two MSR
values were calculated for each annotated intron to pro-
vide a measure of the frequency of mis-splicing at the donor
(MSRp) and acceptor splice sites (MSR,) separately.

The MSRp and MSR, measures for a given annotated
intron were calculated by first summing together all novel
donor and novel acceptor junction read counts respectively
that were attached to the annotated intron across all sam-
ples of the tissue, and then dividing that value by the sum of
all annotated intron and novel junction read counts across
the same set of samples. Focusing on the MSRp measure,
this can be formally described as below:

N .
Zi:l Ji
SN Y s

Let j denote the total number of novel donor junction
reads assigned to the annotated intron X within one sam-
ple of our study set. Let s denote the total number of anno-
tated junction reads for the same intron, X, within the same
sample of our study set. Let N denote the total number of
samples studied within our study set.

MSRY =
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We then mirrored the formula above to produce the
MS R, measure.

Both MSRp and MSR, values were calculated per anno-
tated intron across the samples of each tissue, and ranged
between 0 and 1. Whereas 0 value represented accurate
splicing at the donor or acceptor site of the annotated in-
tron of interest as compared to the reference transcriptome
Ensembl v105, 1 value represented complete mis-splicing of
the splice site. This adaptation of the method for normal-
isation of library sizes (31) accounted for variability in ex-
pression and read depth across different genes and introns,
enabling the comparison of mis-splicing activity across in-
trons.

Itis important to note that both MSRp and MSR,scores
were only calculated when there was evidence of the an-
notated intron being detected within the tissue as defined
by the presence of > 1 supporting split reads. Given that
some transcripts are not expressed in all tissues, the cor-
responding annotated introns would not be detected, and
so the MSRp and MSR, values were not calculated. In
fact, the median number of annotated introns across tissues
as stored on IntroVerse corresponds to 239,839 and ranges
from 187,551 to 279,156 annotated introns (Supplementary
Table S1).

Database generation

All annotated introns, and their related novel donor and ac-
ceptor junctions, were classified by tissue and stored within
tables in a relational database that was named IntroVerse.
To build this database, we used the SQLite R package ver-
sion 2.2.7 (Figure 3C). All annotated introns in all tissues
were stored within a master table called ‘intron’, whereas all
novel donor and novel acceptor junctions were stored to-
gether within another master table called novel’. These two
master tables were related with a cardinality of 1: N, mean-
ing that each annotated intron could be paired with multi-
ple novel junctions, whereas each novel junction could only
be paired with a single, unique annotated intron. An addi-
tional master table was created to store information about
all genes from which the annotated introns originated. Two
child tables were then generated per GTEX tissue and con-
tained: (1) all novel junctions found across samples of each
tissue and paired with an intron in annotation and (ii) all an-
notated introns that showed accurate splicing activity (de-
fined by Ensembl v105) across the samples of the studied
tissue (Figure 2C).

Multiple intron- and gene-level features were incorpo-
rated as columns to the master tables of the IntroVerse
database:

a. Intron-level properties:

i. The intron length (in base pairs).

ii. The strength of the 5’ or 3’ splicing signals as gen-
erated by the MaxEntScan (24) score (MES) algo-
rithm. This method uses probabilistic models of se-
quence motifs involved in RNA splicing and their
adjacent positions to score the 9 bp sequence at the 5°
splice site and the 23 bp sequence at the 3’ splice site.
The higher the maximum entropy score assigned to
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Figure 3. Overall design and construction of IntroVerse. (A) Summary of data collection and processing. (B) Summary of the process used for annotated
intron and novel junction pairing. ‘AnnotatedSS’ refers to annotated splice site and ‘novelSS’ refers to novel splice site. (C) Summary of the cardinality
between the annotated introns and novel junctions in IntroVerse. (D) Visualisation of a novel junction and the mis-splicing activity occurring within the
MANE transcript of a selected gene using ggtranscript (35).
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iii.

1v.

V1.

a given sequence, the more closely the sequence eval-
uated corresponds to an annotated splice site.

The mean inter-species conservation (25) score
across primates assigned to the 5 and 3’ proxi-
mal exon-intron junction regions. The 5° proximal
region was defined as 5 bp upstream of the 5
splice site to 35 bp into the downstream intron.
The 3’ proximal region was defined as 35 bp up-
stream of the 3’ splice site to 5 bp into the down-
stream exon (Figure 1B). This score was calcu-
lated by obtaining the mean of the phastCons20
scores (http://hgdownload.cse.ucsc.edu/goldenPath/
hg38/phastCons20way/) assigned to each proximal
intronic region and represents the probability of
negative selection based on the number of substi-
tutions occurring during evolution across primates.
The mean phastCons20 score ranges between 0 and
1, with a value of 0 meaning that the sequence is
poorly conserved and 1 that the sequence is highly
conserved.

The mean context-dependent tolerance score
(CDTS) (26) assigned to the 5’ and 3’ proximal
exon-intron junction regions (Figure 1B). The
CDTS score provides a measure of sequence con-
straint across individuals. This score ranges between
-1 and 1, with negative values indicating regions of
the human genome which have the lowest sequence
variation across individuals.

The maximum Transcript Support Level (TSL) as-
signed to the set of transcripts in which the an-
notated intron appears. This field can present one
of the following values: 1, 2, 3, 4, 5 and tsINA.
An intron with a TSL = 1 value means that it
has been found within a set of transcripts whose
model presents the highest support available. On
the contrary, an intron with a TSL = 5 value
means that it has been found within a set of
transcripts with a poorly supported model struc-
ture. TSL = ts1NA, means that none of the tran-
script structures in which the intron has been found
is analysed (https://www.ensembl.org/info/genome/
genebuild/transcript_quality_tags.html).

Whether the annotated intron is likely to be spliced
out from the pre-mRNA molecule by the major
(column ‘u2_intron = T’) or minor splicecosome
assembly (column ‘ul2_intron = T’). This data
was obtained from The Intron Annotation and Or-
thology Database (IAOD) (32). When these two
columns are set to a FALSE value, it represents an
annotated intron that was not categorised within the
TAOD database.

. Gene-level properties. It has been reported that the num-
ber of introns within a gene or its level of expression can
affect the fitness cost of splicing errors (33). With this in
mind, some gene-level properties have been incorporated
into IntroVerse.

1.
il.

iii.

The gene length (in base pairs).

The number of annotated transcripts assigned to the
gene based on Ensembl v105.

The median gene expression level (TPM) across all
samples from each tissue and calculated using the

1v.
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getTPM()function from the R recount Bioconduc-
tor package version 1.22.0.

The percentage of protein-coding transcripts in
which each annotated intron was found. This per-
centage can be unreliable when a gene has many tran-
scripts with low TSL values.

Yes/no boolean value to confirm whether the in-
tron of interest forms part of a Matched Annota-
tion from NCBI and EMBL-EBI (MANE) (34) Se-
lect transcript.

The columns of the child tables contain information
about the splicing activity of the annotated introns and
novel junctions detected in each tissue:

a. Annotated introns:

L.

ii.

iii.

The rate of mis-splicing at donor and acceptor splice
sites of the annotated intron as calculated by the
MSRp and MSR, measures, which range between 0
and 1. Focusing on the MSRp measure, a MSRp =
0 value represents accurate splicing at the 5 splice
site of the intron across all samples of the tissue
studied, whereas a MSRp = 1 value would repre-
sent complete mis-splicing at that splice site. It is
worth noting that the MSR metrics do not con-
vey information about the certainty in the measure
of mis-splicing, since annotated introns with low or
high read coverage can generate similar MSRvalues.
With this in mind, the reader should consider ad-
ditional metrics provided by IntroVerse such as the
percentage of samples in which the intron was found
and its mean coverage.

The percentage of samples of a given tissue in which
the annotated intron was used, as defined by > 1 an-
notated read count in the sample.

The mean number of annotated reads counts as-
signed to the annotated intron across all the samples.

b. Novel junctions:

I

ii.

iii.

1v.

The intron length in base pairs implied by the novel
junction.

The percentage of samples of a given tissue in which
the novel junction was used, as defined by > 1 novel
junction read in the sample.

The mean number of novel junction reads across all
samples from a given tissue in which the novel junc-
tion was detected.

The distance in base pairs between the genomic posi-
tion of the unannotated splice site of the novel junc-
tion and the annotated acceptor/donor splice site of
its paired annotated intron.

. Whether the novel junction is capable of causing a

frameshift. This value has been calculated by ob-
taining the modulo 3 of the distance in base pairs
lying between the genomic position of the unan-
notated splice site of the novel junction and the
acceptor/donor splice site of its paired annotated in-
tron. When the reminder of this division by 3 (i.c.
modulo 3) returns a value of 1 or 2, it indicates that
the excision of the novel intron would be capable of
causing a frameshift.
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vi. The strength of the 5° and 3’ splicing signals im-
plied by the novel junction, as calculated by the Max-
EntScan (24) score algorithm.

Web interface implementation

A ShinyApp website was built and it uses the data stored
in the IntroVerse SQLite database. The IntroVerse web-
site was deployed using a Linux-based Apache/2.4.6 Web
server running on a Docker container version 18.09.0 over
a CentOS Linux release 7.5.1804 (Core) server. ShinyProxy
(https://www.shinyproxy.io/) was used as a proxy to al-
low multiple users to access IntroVerse simultaneously and
to provide a fully isolated workspace per R session. Dif-
ferent in-house R scripts (DOI:10.5281/zenodo.6869186)
were used to query the IntroVerse SQLite object from
the IntroVerse Shiny app and return the information re-
quested within a user-friendly format. Visualisation of the
novel junctions as well as the mis-splicing activity occur-
ring within the MANE Select transcript of a particular
gene was made available through the use of the R package
ggtranscript (35) version 0.99.9. The IntroVerse web-
site was built using numerous client-side languages (HTML,
CSS, JavaScript, JQuery) and libraries (JQuery.js, DataT-
able.js), as well as the Bootstrap version 4 framework (https:
/[getbootstrap.com/), which helped to enhance the look and
feel of the user-interface and the user experience by sup-
porting multiple devices, browsers and screen sizes. The
IntroVerse website does not require registration or login
for access and is freely available for research use and data
download at https://rytenlab.com/browser/app/introverse.
Finally, IntroVerse can also be downloaded as a docker im-
age from https://hub.docker.com/r/soniaruiz/introverse.

RESULTS
Database content and statistics

We analysed 17,510 RNA-sequencing samples across 54 hu-
man tissues from GTEx v8 (22) with a median of 248 sam-
ples per tissue (ranging between 4 and 805 samples). All the
split reads obtained from this dataset were annotated to the
Ensembl v105 reference transcriptome. Of the split reads
that passed the quality-control criteria (Figure 1C), we iden-
tified a total of 332,571 annotated introns of which 294,050
had evidence of at least one type of mis-splicing event,
namely the use of a novel donor or novel acceptor junction
in at least one of the 17,510 samples studied. The remain-
ing 38,521 annotated introns corresponding to 14,395 genes
within the database (44.06% of all genes analysed) had no
evidence of mis-splicing across all tissues and samples pro-
cessed (Figure 2B). Interestingly, of these 14,395 genes, we
found that 10,081 were protein-coding and 3,584 were IncR-
NAs (with the remaining 730 being a mixture of other gene
biotypes). Given that relatively few IncRNAs have known
biological functions, this finding might suggest that Intro-
Verse could be used to identify the most important genes
of this type. In fact, this view is supported by the finding
that introns within IncRNA genes are more frequently mis-
spliced at both the donor (Wilcoxon rank sum test with con-
tinuity correction, effect-size = 2.8e-2, P-value < 2.2e—16)

and acceptor splice sites (Wilcoxon rank sum test with con-
tinuity correction, effect-size = 3.03e-2, P-value < 2.2¢e—16)
than introns within protein-coding genes even after control-
ling for differences in read coverage (Supplementary Fig-
ure S2). Therefore, when we identify IncRNAs which are
perfectly spliced this could indicate a specific requirement
for efficient degradation of mis-splicing events at this locus.
With this in mind, we noted that the mouse homologue of
the gene, FENDRR, a IncRNA containing multiple introns
with no evidence of mis-splicing across samples from all tis-
sues analysed, when knocked out results in postnatal lethal-
ity with defects in the lung, gastrointestinal tract and heart
in Fendrr—/— neonates (36). Furthermore, since its essen-
tial role in mouse development was identified, FENDRR
has also been implicated in multiple human cancers, sup-
porting the utility of IntroVerse in prioritising IncRNAs for
investigation (37).

IntroVerse includes information on 1,950,821 novel
donor and 2,728,653 novel acceptor junctions, which are
confidently paired with the 294,050 annotated introns pre-
senting evidence of at least one type of mis-splicing event
across all tissues (Figure 2B). To summarise this data and
provide a measure of mis-splicing across each annotated
intron, we provide users with the measures, MSRp and
MSR,. Focusing on samples from frontal cortex tissue, the
median MSRp corresponded to Se-4 [0—0.99], whereas the
median MSR, was 1.3e-3 [0—0.99], though it is notewor-
thy that in both cases the modal values were zero indicating
that splicing is largely accurate. Considering all tissues, the
median MSRp was 8e-4 and the median MSR, was 1.7e-
3, indicating that mis-splicing at the acceptor splice site is
more common than that at the donor.

Web interface and usage

IntroVerse is a user-friendly and comprehensive website
that allows users to browse and explore the characteristics
of 332,571 annotated introns belonging to 32,669 differ-
ent genes. The IntroVerse website consists of three major
modules that allow users to (i) obtain information on the
key characteristics and splicing accuracy of annotated in-
trons across samples within each of the 54 GTEx vS§ tissues,
(i1) obtain information on the overall usage of novel junc-
tions associated with an annotated intron of interest at both
the donor and acceptor sites separately, and across each of
the 54 GTEx tissues, and iii) visualise novel junctions and
the rate of mis-splicing at donor and acceptor splice sites
of annotated introns within the Matched Annotation from
NCBI and EMBL-EBI (MANE) Select transcript (34) of a
selected gene, and display it across all samples from a single
or multiple tissues.

Intron search. To search for an annotated intron in In-
troVerse within a tissue of interest, users can query the
database by (i) introducing the coordinates of an annotated
intron of interest (‘by intron coordinates’), (ii) selecting a
gene symbol or gene ID from the dropdown list provided
(‘by gene’) and (iii) uploading a gene list of interest (‘by gene
list’) (Figure 4A-1, Figure 4B-1). The latter requires the user
to upload a. csv file containing one single column with head-
ers and a gene symbol or gene Ensembl ID per row. An ex-
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Figure 4. Basic functions of the IntroVerse web interface. (A) Overview of the main Search Panel available on the user interface of IntroVerse. (B) The
displayed columns of the intron table correspond to: (i) ID, the unique identifier of the intron; (ii) Mis-spliced site, the splice site of the intron that has been
mis-spliced if any; (iii) Intron Length, which represents the length of the intron in base pairs (bp); (iv) MES_Sss, the strength of the 5’ (i.e. donor) splicing
signal through the use of the MaxEntScan score algorithm; (v) Gene, the gene to which the intron belongs to; (vi) Samples, cluster of samples in which the
intron search has been performed; (vii) More, button ‘Show Alternative Splicing Events’ to show the mis-splicing activity attached to the intron. (C) The
columns of the novel junction table correspond to: (i) NovellD, the unique identifier of the novel junction; (ii) Novel Type, type of novel event, classified
as ‘novel donor’ or ‘novel acceptor’; (iii) Junction Length (bp), implied intron length of the novel junction in base pairs; (iv) MES_5ss, the strength of the
5’ (i.e. donor) splicing signal through the use of the MaxEntScan score algorithm; (v) MES_3ss, the strength of the 3’ (i.e. acceptor) splicing signal through
the use of the MaxEntScan score algorithm; (vi) Distance (bp), distance in base pairs between the novel junction and the paired annotated intron; (vii)
More, button ‘Visualise in MANE transcript’ to display the graphical representation of the novel junction within the MANE transcript of the gene. (D)
Visualisation of a novel donor event within the MANE transcript of a selected gene. Graphs can be downloaded in SVG format. (E) Visualisation of the
mis-splicing activity occurring in all annotated introns within the MANE transcript of the selected gene. By clicking on the tab ‘Download’, it is possible

to download the complete IntroVerse SQLite database.
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ample gene list is also provided. In all three cases, the infor-
mation returned by IntroVerse consists of a table in which
every entry represents an annotated intron in the reference
transcriptome (Ensembl v105), with columns providing a
range of key features about the annotated intron (see Mate-
rials and Methods, Database generation) and an additional
blue button to show the mis-splicing activity attached to the
intron (Figure 4B-3).

IntroVerse also provides an advanced search section
which enables the user to refine the query further. First, the
‘Sample Selection’ section (Figure 4A-2) allows the user to
determine whether the annotated intron search should be
done across one single tissue, multiple tissues or A/l tissues’.
This latter will produce an intron query across all 17,510
samples from the 54 human GTEx tissues processed. Sec-
ond, the ‘Support for novel annotation’ section (Figure 4A-
3), contains a checkbox and a numeric range that filters
the results to only show the annotated introns associated
with at least one alternative splicing event shared across the
minimum number of samples selected through the numeric
range. This search is based on the hypothesis that for any
novel junction to be indicative of the presence of a novel sta-
ble transcript (rather than mis-splicing), it should be shared
across a high number of unrelated individuals. More specifi-
cally, we consider mis-splicing to be a random process mak-
ing the likelihood of excising the same novel junction with
the identical genomic positions across multiple unrelated in-
dividuals very low. Consequently, a specific novel junction
that is detected across a high number of individuals (e.g.
> 90%) is more likely to be generated through a deliber-
ate (non-random) process and to be of biological interest.
Third, the ‘AdditionalFilters’ section (Figure 4A-4), provides
two search refinements: (i) the ‘Introns with ClinVar mu-
tations’ checkbox will only retrieve annotated introns that
have been reported to contain at least one pathogenic or
likely pathogenic splicing variant as defined within the Clin-
Var archive (38) and (ii) the ‘Introns from MANE Select
transcripts’ checkbox will only report the introns from genes
with a protein-coding transcript classified as MANE (34) in
the reference annotation.

Mis-splicing search. ~ All alternative splicing events that are
associated with an annotated intron of interest can be re-
trieved by clicking the blue button ‘Show Alternative Splic-
ing Events’ located at the end of every row of the anno-
tated Intron table (Figure 4B-3, Figure 4C-1). Clicking this
button will automatically hide all rows except those se-
lected and will result in the display of an additional ta-
ble consisting of all alternative splicing events paired with
the annotated intron of interest. In this second table, every
entry represents a unique alternative splicing as identified
through novel junctions. The columns provide key informa-
tion about the novel event itself (see Materials and Methods,
Database generation), and an additional button ‘Visualise
in MANE transcript’ (Figure 4C-2) which when clicked will
trigger a popup window with the graphical representation
of the novel junction within the MANE transcript of the
gene (Figure 4D). This visualisation will highlight the re-
lated novel donor (blue) or novel acceptor junctions (red)
within the gene’s MANE (34) transcript.

Gene mis-splicing visualisation. IntroVerse provides the
option to visualise mis-splicing rates across all annotated
introns contained within the MANE transcript of a gene
of interest (Figure 4E-1) in a given tissue. The mis-splicing
rate as defined by the MSRp and the MSR, values are rep-
resented by blue and red vertical bars respectively located at
the 5’ splice (MSRp) or 3’ splice sites (MSR,). Since MSRp
and MSR, are normalised to range between a value of 0
and 1, the higher the vertical bar displayed, the higher the
proportion of novel junction reads paired to the annotated
intron at that splice site. This visualisation allows the user to
quickly identify annotated introns within the MANE tran-
script that are most frequently mis-spliced across samples of
single or multiple tissues, with the latter enabling the iden-
tification of tissue-specific mis-splicing activity.

Data download and visualisation

IntroVerse provides functionality for both data download
and visualisation purposes. Data tables containing anno-
tated introns and novel junctions can be fully downloaded
in PDF, CSV, Excel and Text formats (Figure 4B-4, Figure
4C-3). Depending on the table selected, every entry will rep-
resent either an annotated intron or a novel junction, and
the columns will contain key information about each fea-
ture (see Materials and Methods, Database generation) with
the user being able to select only a subset of features as re-
quired. Data visualisation is provided for novel junctions as
well as for mis-splicing activity across all annotated introns
within the MANE transcript of a selected gene. Visualisa-
tion for novel junctions can be downloaded in SVG format
(Figure 4D-1). The complete SQLite database can be down-
loaded directly from the user interface of IntroVerse along
with other useful resources such as the SQL schema and
a set of handy SQL queries (Figure 4E-2). The IntroVerse
database has been carefully designed to be highly efficient
such that the entire database currently occupies less than
3GB.

APPLICATIONS

IntroVerse has multiple use cases and some of them are
listed below:

1. The assessment of background levels of mis-splicing
amongst control individuals within introns thought to be
mis-spliced in disease states. We found that introns con-
taining pathogenic or likely pathogenic splice site muta-
tions (as defined within ClinVar, https://www.ncbi.nlm.
nih.gov/variation/view) have significantly lower MSR)
(Wilcoxon rank sum test with continuity correction,
effect-size = 5.78e-2, P-value < 2.2e—16) and MSR,
(Wilcoxon rank sum test with continuity correction,
effect-size = 6.74e-2, P-value < 2.2e—16) values across
all tissues than other annotated introns not containing
any ClinVar variant after controlling for mean read cov-
erage (Supplementary Figure S3). This suggests that,
in control individuals, annotated introns containing
pathogenic variants are spliced with particularly high ac-
curacy.
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2. Identification of novel transcripts of known genes and
their tissue-specific usage: Using samples from frontal
cortex tissue, we detected 2,048 novel junctions corre-
sponding to 1,420 genes which are used in > 80% of
samples (N = 167), suggesting the existence of incom-
plete annotation at these specific sites. Importantly, we
found that the discovery of such sites was only weakly
correlated with read coverage over the annotated intron
(R?> = 3.7e-2, P-value < 2e—16, Supplementary Fig-
ure S1). Furthermore, by using the filter ‘Support for
novel annotation’, which is available on the main user in-
terface of IntroVerse, we noted that of all green genes
(N = 121) causally implicated in hereditary ataxia (as
defined in PanelApp Version 1.303, https://panelapp.
genomicsengland.co.uk/), 17% (N = 21) contain novel
junctions which are used in > 80% of cerebellar samples
(N =217).

3. Integration of short- and long-read RNA-sequencing
data to support novel transcript discovery: Using untar-
geted long-read RNA-sequencing data provided by the
ENCODE project and relating to N = 16 samples of
the human heart (Supplementary Table S2), we identi-
fied all novel junctions absent from Ensembl v105. Of the
611 unique novel junctions found across all sixteen EN-
CODE samples, we found that 349 were also detected in
GTEx v8 left ventricle and atrial appendage heart tissues
as stored in IntroVerse. Furthermore, these 342 novel
junctions were detected in a median of 353 left ventri-
cle and atrial appendage GTEx samples suggesting that
the full-length transcripts from which they are derived
are likely to be novel transcripts of known genes.

DISCUSSION

IntroVerse provides quality-controlled information on the
splicing of 332,571 annotated introns from 32,669 differ-
ent genes across 17,510 RNA-sequencing samples and 54
human control tissues. IntroVerse has two unique features:
(1) it provides a complete and unfiltered catalogue of novel
junctions that have been carefully processed and quality-
controlled and (ii) each novel junction has been assigned
to a specific annotated intron, which provides a hierarchi-
cal structure allowing the user to start by browsing a gene
or genomic position of interest and to end with an explo-
ration of the complete catalogue of alternative events oc-
curring at that locus. In addition, IntroVerse allows users
to browse, download and compare key genomic parameters
either across introns of a particular gene and sample of in-
terest or across multiple genes, samples and human tissues.
Finally, to the best of our knowledge, IntroVerse is the only
database that enables the visualisation of alternative splic-
ing events by i) displaying individual events in the context
of the gene’s MANE transcript and ii) the overall frequency
of alternative splicing of each annotated intron of the gene’s
MANE transcript.

Future versions of this database will include additional
human RNA-sequencing data sets generated from individ-
uals with disease, in addition to controls. More specifically,
we will include data provided by the BrainSEQ Consortium
Phase I and II projects (39-41), which have generated RNA-
sequencing data from more than 700 human brain samples
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across the lifespan and derived from individuals with ma-
jor neuropsychiatric disorders. With the increasing avail-
ability of untargeted long-read RNA-sequencing data, we
will also expand the annotation of novel junctions within
IntroVerse to flag when a junction is also identified within
public long-read RNA-sequencing data and the related full-
length transcript/s. These future updates will increase the
value of IntroVerse and broaden its applications.

Thus, IntroVerse provides users with structured data on
intron usage across a wide range of human tissues which
can be used in a range of downstream analyses to improve
our understanding of the role of splicing in health and
disease.

DATA AVAILABILITY

IntroVerse is a user-friendly and comprehensive website
that is fed from an SQLite database containing the splicing
activity of 332,571 annotated introns found across 17,510
RNA-sequencing samples from 54 control tissues. The com-
plete SQLite database is available to be downloaded directly
from the user interface of IntroVerse, as it has been carefully
designed to be highly efficient such that the entire database
currently only occupies less than 3GB.

IntroVerse is available for data-querying and download
purposes at https://rytenlab.com/browser/app/introverse.
Multiple in-house R scripts have been created to query the
IntroVerse SQLite object from the IntroVerse Shiny app, as
well as to build the latter. These scripts are freely available
on GitHub (DOI:10.5281/zenodo.6869186).

Finally, IntroVerse is also available in docker formatting
at https://hub.docker.com/r/soniaruiz/introverse.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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