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Abstract
Background: Introns are generally removed from primary transcripts to form mature
RNA molecules in a post-transcriptional process called splicing. An efficient splicing
of primary transcripts is an essential step in gene expression and its misregulation is
related to numerous human diseases. Thus, to better understand the dynamics of this
process and the perturbations that might be caused by aberrant transcript processing
it is important to quantify splicing efficiency.
Results: Here, we introduce SPLICE-q, a fast and user-friendly Python tool for genomewide SPLICing Efficiency quantification. It supports studies focusing on the implications of splicing efficiency in transcript processing dynamics. SPLICE-q uses aligned
reads from strand-specific RNA-seq to quantify splicing efficiency for each intron individually and allows the user to select different levels of restrictiveness concerning the
introns’ overlap with other genomic elements such as exons of other genes. We applied
SPLICE-q to globally assess the dynamics of intron excision in yeast and human nascent
RNA-seq. We also show its application using total RNA-seq from a patient-matched
prostate cancer sample.
Conclusions: Our analyses illustrate that SPLICE-q is suitable to detect a progressive
increase of splicing efficiency throughout a time course of nascent RNA-seq and it
might be useful when it comes to understanding cancer progression beyond mere
gene expression levels. SPLICE-q is available at: https://github.com/vrmelo/SPLICE-q
Keywords: Splicing efficiency, RNA-seq, Co-transcriptional splicing, Splicing dynamics

Background
Eukaryotic genes are mostly composed of a series of exons intercalated by sequences
with no coding potential called introns. These sequences are generally removed from
primary transcripts by a post-transcriptional process called splicing to form mature
RNA molecules. This highly regulated process consists basically of a series of hydrolysis and ligation reactions led by the spliceosome [1]. The exon–intron boundaries, i.e.,
the splice junctions, together with the branch point, a short sequence located 18–40
nucleotides upstream of the intron’s 3’ splice junction [2] and the polypyrimidine tract
[3], are recognized by the spliceosome. These events promote the correct folding necessary for the intron’s excision and are followed by the correct pairing of the exon-exon
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boundaries. In metazoans, further sequences are required for recruiting different transacting regulatory factors. These will act as spliceosome regulators as well as splice site
choice modulators and are particularly important for efficient transcript processing [4].
Splicing is dynamic and occurs mostly during or immediately after the transcription
of a complete intron. Co-transcriptional splicing was first suggested in D. melanogaster
chorion genes using electron microscopy to observe the assembly of spliceosomes at the
splice junctions in nascent transcripts [5]. More recently, genome-wide studies in different cell lines and organisms using nascent RNA showed introns being spliced shortly
after their transcription is finished: in S. cerevisiae, data revealed polymerase pausing
within the terminal exon, permitting enough time for splicing to happen before release
of the mature RNA [6]; and nascent RNA also indicated that most introns in D. melanogaster are co-transcriptionally spliced [7], as well as in mouse [8] and many human
cells and tissues [9–11].
Splicing is an essential step in gene expression and its misregulation is related to
numerous human diseases [12–15]. Up to 15% of mutations that cause genetic disease
have been suggested to affect pre-mRNA splicing [16]. Thus, to better understand the
dynamics of splicing and the perturbations that might be caused by aberrant transcript
processing, it is important to quantify splicing efficiency. The efficiency of splicing
is commonly quantified by means of RT-qPCR with primers that span exon-exon and
exon–intron boundaries [17]. Yet, this methodology can only investigate a limited number of genes. By contrast, transcriptomics technologies, such as RNA-Seq, allow these
analyses from a genome-wide point of view. One interesting approach to globally determine splicing efficiencies is to assess nascent transcripts within short intervals after the
transcription has started. Experimentally, this can be achieved through metabolic labeling or purification of chromatin-associated nascent RNAs.
For intron-containing transcripts, splicing efficiency can be determined with different
frameworks that use read counts on intronic and exonic regions. Short-read RNA-Seq
is currently the main approach using either nascent or total RNA. Conceptually, splicing efficiency can be observed either from an intron-centric point of view—to investigate whether an intron has been spliced out—or from an exon-centric point of view—to
investigate whether an exon has been correctly spliced within the context of its transcript, or to what degree an exon is included in the transcript molecules generated from
a gene.
Khodor et al. [7] used an intron-centric method to estimate the unspliced fraction of
introns in D. melanogaster by taking the ratio of the read coverage of the last 25 bp of an
intron and the first 25 bp of the following exon. In this way, introns where the RNA polymerase has not yet reached the acceptor splice site are not included but the metric is not
guaranteed to take values between 0 and 1 and does hence not constitute an efficiency
metric in the strict sense. Tilgner et al. [10] used deep-sequencing of human subcellular
fractions and developed an exon-centric “completed splicing index” (coSI) which takes
reads spanning the 5’ and the 3’ splice junctions of an exon and computes the fraction of
reads indicating completed splicing, i.e., which span from exon to exon, to study co-transcriptional splicing. By explicitly considering also reads which span from the upstream
exon directly to the downstream exon, this approach includes exon skipping events,
but coSI values for the first and last exon of a transcript cannot be determined. More
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recently, Převorovský et al. [18] presented a workflow for genome-wide determination
of intron-centric splicing efficiency in yeast. The efficiencies are quantified for the 5’ and
3’ splice junctions separately as the number of “transreads” (split reads spanning from
exon to exon) divided by the number of reads covering the first or last base of the intron,
respectively. Although the authors call their metric “splicing efficiency”, it is not limited
to a range from 0 to 1 and it is not clear how cases without intronic reads (divisions by
zero) are handled. Other drawbacks of this workflow are that it consists of numerous
open-source tools and custom shell and R scripts and that it was explicitly developed for
yeast.
In contrast to these approaches, IRFinder [19] was designed to detect intron retention
from mRNA-seq data by measuring a so-called intron retention ratio (IR ratio) based
on the average read coverage in a given intron and the number of split reads at the corresponding intron–exon junctions. While the approach is similar to the one we present
here, it has the opposite goal: to determine the degree to which introns are retained
rather than spliced out. Lastly, iREAD [20] has the same goal as IRFinder, but instead of
providing a quantitative measure for intron retention levels, it makes binary judgments
(considering introns as either retained or not retained) based on a set of features, including intron expression levels.
Although the above-mentioned frameworks for calculating splicing efficiency from
RNA-seq data exist, there is more to add to their respective limitations. The bioinformatics steps involved might be challenging—including difficulties in running workflows
that require long running times and the installation of numerous tools—especially for
experimental biologists. Thus, here we introduce SPLICE-q, a user-friendly open-source
Python tool for genome-wide SPLICing Efficiency quantification from RNA-seq data.
SPLICE-q quantifies splicing efficiency for each intron individually and allows the user
to select different levels of restrictiveness concerning an intron’s overlap with other
genomic elements. We show the usefulness of SPLICE-q by applying it to time-series
nascent and steady-state RNA-seq data from human and yeast.

Implementation
SPLICE‑q workflow and parameters

SPLICE-q is a tool, implemented in Python 3, for quantification of individual intron
splicing efficiencies from strand-specific RNA-seq data. SPLICE-q’s main quantification
method uses splicing reads—both split and unsplit—spanning the splice junctions of a
given intron (Fig. 1). Split reads are junction reads spanning from one exon to another,
thus indicating processed transcripts from which the individual intron has already been
excised. Intuitively, unsplit reads are those spanning the intron–exon boundaries (covering both sides of the splice junction), hence, indicating transcripts from which the intron
has not yet been spliced out. As an alternative measure for splicing efficiency, SPLICEq computes an inverse intron expression ratio, which compares the introns’ expression
levels with those of their flanking exons.
SPLICE-q is also sensitive to the overlap of genomic elements. In other words,
SPLICE-q takes into consideration when a genome shows overlapping features that
can cause issues with a correct assignment of reads to specific introns or exons. For
example, for intron–exon boundaries overlapping exons of other genes, seemingly
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Fig. 1 Read assignment scheme for splicing efficiency (SE) and inverse intron expression ratio (IER).
Illustration of the reads used by SPLICE-q to quantify SE and IER. In yellow, split reads at the 5’ splice junction;
in orange, split reads at the 3’ splice junction; in green, unsplit reads at the 5’ splice junction; in dark blue,
unsplit reads at the 3’ splice junction. In gray and blue, the areas covering the exons and introns, respectively.
In white, reads not overlapping splice junctions

Fig. 2 SPLICE-q’s levels of restrictiveness. (Level 1) keep all introns in the genome regardless of overlaps with
other genomic elements; (Level 2) select only introns whose splice junctions do not overlap any exon of a
different gene; (Level 3) select only introns that do not overlap with any exon of the same or a different gene.
A and A.1 are isoforms of the same gene (A) and B represents a different gene

unsplit reads might instead stem from exonic regions of the overlapping genes. This
is problematic due to the RNA-seq methodology’s limitation that makes it difficult to
confidently determine without ambiguity to which genomic element, exon or intron,
these reads should be attributed [21].
Therefore, SPLICE-q allows the user to select different levels of restrictiveness for
strand-specific filtering, including (1) Level 1: keep all introns in the genome regardless of overlaps with other genomic elements; (2) Level 2: select only introns whose
splice junctions do not overlap any exon of a different gene; (3) Level 3: select only
introns that do not overlap with any exon of the same or a different gene (Fig. 2).
These levels to not affect computed splicing efficiency measures, but instead determine for which set of introns the splicing efficiencies are to be quantified. Other
filters, including the minimum read coverage at splice junctions, can also be set up
according to users’ necessities (Additional file 1: Table S1).
The two necessary input files are:
1. A Binary Alignment Map (BAM) file with RNA-seq reads aligned to the reference
genome.
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2. A genome annotation file provided by sources like GENCODE [22] or Ensembl [23]
in Gene Transfer Format (GTF) containing information on exons and the genes and
transcripts they are associated with.
SPLICE-q’s internal default workflow comprises of the following major steps (Fig. 3):
1. Parsing of genomic features from the GTF file;
2. Locating and annotating introns and splice junctions from the GTF file’s exon coordinates;
3. Filtering of introns according to the level of restrictiveness based on the overlap of
genomic elements;
4. Selection of split and unsplit reads at the splice junctions according to the reads’ concise idiosyncratic gapped alignment report (CIGAR), and subsequent coverage calculation for each splice junction.
5. Computation of splicing efficiencies.
SPLICE-q parses the exon-centric GTF file and infers the corresponding intron coordinates, partially adapting related functions of GTFtools [24]. For Level 3 filtering, when
the user chooses to include the inverse intron expression ratio, the workflow includes
two additional steps (Additional file 1: Fig. S1):
6. Computation of median per-base coverages of introns and their flanking exons
7. Computation of the inverse intron expression ratios.

Quantifying splicing efficiency and inverse intron expression ratio

Splicing efficiency (SE): SPLICE-q uses split and unsplit junction reads to quantify SE for
each intron individually. It determines the RNA-seq reads mapping to both splice junctions of each given intron i, distinguishes split (S) and unsplit (N) reads for the 5’ and 3’
splice junctions and estimates a splicing efficiency score (SEi) as a function of the corresponding read counts as follows:

SEi =

j
j∈{5′ ,3′ } Si



j
j
j∈{5′ ,3′ } Si + Ni



0 ≤ SEi ≤ 1

(1)

Since the purpose of SEi is to measure the fraction of spliced transcripts with respect
′
′
to a given intron i, the 5’- and 3’-split reads ( Si5 and Si3 ) explicitly include all reads which
span from the respective exon junction to any other exon, thus including alternatively
spliced reads, not only those reads which span directly from the flanking upstream to
the flanking downstream exon. In other words, spliced reads are also counted if they
indicate that more than intron i was spliced out. An SE of 0 indicates that the intron has
not been spliced out in any of the transcripts from which the junction reads originate,
which may be due to late splicing in case of nascent RNA-seq or intron retention in case
of steady-state RNA-seq. An SE of 1 means completed splicing on all transcripts. Therefore, SE values ranging between 0 and 1 approximate the fraction of molecules which
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Fig. 3 SPLICE-q’s default workflow. Dashed lines indicate steps which depend on parameter settings. Solid
lines represent the mandatory steps of the workflow. Boxes illustrate data types: input (red), intermediate data
items (white) and output (green). SJ = splice junction; TSV = tab-separated values. Levels of restrictiveness: L2
(Level 2) and L 3 (Level 3)
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have already been spliced. This quantification method makes it possible to compare
spliced and unspliced intron rates directly.
Inverse intron expression ratio (IER) as an alternative measure for splicing efficiency
when using Level 3 filtering, SPLICE-q also provides the inverse of the ratio of intron
expression to exon expression, where Ix is the median per-base read coverage of the x-th
intron of a given transcript and Ex and Ex+1 represent the corresponding median coverages of the flanking exons:


Ix
0 ≤ IER ≤ 1
IER = 1 − min 1,
(2)
0.5 · (Ex + Ex+1 )
Here, the focus lies specifically on the per-base median coverage of all reads mapping
to the involved genomic elements (exonic and intronic reads) rather than just the splice
junctions (Fig. 1). As explained above, a high SE indicates that an intron was spliced out
of a large fraction of transcripts. This scenario should display high read coverage in the
exons and low coverage or none in the intron. In other words, peaks of mapped reads are
observed in the surrounding exons when compared to the intron itself. On the contrary,
introns with a low SE should have read coverage profiles more similar to the surrounding
exons.

Results and discussion
Fast and user‑friendly quantification of splicing efficiency

Due to its simplicity and efficient data structure for working with genomic intervals,
SPLICE-q’s run time with default parameters for approximately 100 million input reads
mapped to the human genome is 18 min using a MacBook Pro with a dual-core Intel
Core i5 processor and 8 GB of RAM. By increasing the number of processes to 4 or 8 (see
the command line parameter NProcesses described in Additional file 1: Table S1), which
is not an issue considering nowadays’ number of processor cores of most laptops and
desktops, the running time on an AMD Opteron 6282 SE with 516 GB of memory is less
than 2 min (Additional file 1: Fig. S2a). Memory usage is low, being approximately that
of the GTF file size (1.4 GB for the human genome; Additional file 1: Fig. S2b). SPLICEq’s approach provides major advantages over previous workflows which may require the
installation of numerous tools and suffer from long running times (see Additional file 2).
Splicing kinetics in human and yeast

We applied SPLICE-q to globally assess the kinetics of intron excision. The goal here
is to show the tool’s applicability using different data. For this purpose, we performed
three different analyses using data from two species and different methodologies (Additional file 1: Materials and Methods). The first time-series sequencing dataset consists of
BrU-labeled HEK293 cells with 15 min pulse labeling of nascent RNA and subsequent
sequencing of labeled RNA after 0, 15, 30, and 60 min (pulse-chase) [25]. On average
we obtained ~ 200 million reads per sample, ~ 85% of which were uniquely mapped. The
nascent RNA samples were compared to an unlabeled steady-state control of the same
cell line [26]. SPLICE-q was applied with default parameters: filtering level 3, a minimum coverage of 10 uniquely mapped reads at each splice junction, and a minimum
intron length of 30 nucleotides [27]. Only introns passing the filters in all samples after
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running SPLICE-q were kept, totalizing 13,178 introns. As expected, SPLICE-q detects
a progressive increase of SE throughout the time course (Fig. 4a). Interestingly, at 0 and
15 min, SE scores are already high with a median of 0.71 and 0.75, respectively.
The increase of splicing efficiency over the time course can also be observed when IER
values are computed for the same data (Additional file 1: Fig. S3). For all time points,
the median IER scores are higher than the median SE scores (0.82, 0.84, 0.86, 0.92 and 1
for 0, 15, 30, 60 min and steady-state control, respectively). While there are notable differences between SE and IER scores for individual introns, overall, the two measures of
splicing efficiency are strongly correlated (Additional file 1: Fig. S4-5).
The results for both SE and IER agree with previous studies showing that splicing is
predominantly co-transcriptional in humans and for the most part happens immediately
after the transcription of an intron is completed, when the RNA polymerase has proceeded only a few bases into the downstream exon [5, 6, 9–11]. However, the results also
illustrate that even 60 min after the pulse-labeling of newly synthesized RNA, there is
a significantly larger fraction of introns which have not yet been excised from the transcripts than in the steady-state control.
We chose a second dataset [28] which would allow us to quantify splicing efficiency
of nascent RNA within a finer time scale. These sequencing experiments were performed with 4-thiouracil labeled RNA (4tU-seq) from Saccharomyces cerevisiae.
Nascent RNA was labeled for an extremely short time (1.5, 2.5 and 5 min) and then
sequenced (Fig. 4b). Unlabeled control samples were also generated. After alignment
of the raw data, we obtained an average of over 50 million uniquely mapped reads
per sample and 246 introns shared between all samples after running SPLICE-q with
the above-mentioned default parameters and filtering level 2. The SE at 1.5 min has
a median of 0.29 while, strikingly, there is an increase of 131% in just 1 min, with a
median SE of 0.67 at 2.5 min. This value does not alter in the next time point and the
unlabeled control sample shows a median SE of 0.93. While, due to the differences in

Fig. 4 Splicing kinetics using different datasets. a Time-series nascent and steady-state (total) RNA-seq of
labeled HEK293 cells; b Time-series nascent and steady-state RNA-seq of S. cerevisiae
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experimental protocols, the results obtained for the second dataset are not directly
comparable to those observed for HEK293 cells, this brief analysis suggests how
essential it is to perform short labeling in S. cerevisiae in order to assess its splicing
kinetics since some transcripts approximate steady-state levels in a time as short as
2.5 min (Fig. 4b).
Lastly, we show how SPLICE-q can also be applied to quantify intron retention in
steady-state RNA-seq data. For this purpose, we used data coming from a prostate
cancer sample along with its matched normal tissue (patient 15 of ref. [29]). Since for
each of the tissues two replicates were available, we computed splicing efficiencies
for each replicate and then averaged the results for the tumor tissue and the normal
tissue.
Prostate cancer is one of the most common cancer types in men [30]. SPLICE-q
detected relatively high splicing efficiencies—median SE of 0.96 in both the tumor and
the normal sample—in the 66,389 introns shared across the sample pair after running
the tool with default parameters. This is expected when the tool is applied to steadystate RNA-seq data. The SE and IER scores for individual introns are strongly correlated, both among each other (Additional file 1: Fig. S6-7, Table S2) and across sample
replicates (Additional file 1: Fig. S9). Although this overview suggests that there is
no alteration in average splicing efficiency levels between normal and tumor tissue, a
closer look showed interesting changes for individual introns. One intriguing example is Prostate cancer associated 3 (PCA3), a long noncoding RNA highly expressed
in prostate cancer and widely known as a prostate cancer-specific biomarker of high
specificity [31]. It has been found to be involved in the proliferation and survival of
prostate cancer cells by multiple mechanisms, including the modulation of androgen receptor signaling, the inhibition of the tumor suppressor PRUNE2, and possibly
by acting as a competing endogenous RNA (ceRNA) for High mobility group box 1
(HMGB1) via sponging of miR-218-5p [31–33]. Interestingly, PCA3’s second intron
located at chr9:76,782,833–76,783,704 has an SE of 0.57 in normal tissue and a much
higher SE of 0.90 in the tumor (Fig. 5a), suggesting that PCA3 might not only be overexpressed but also more efficiently spliced.
Variation in splicing efficiency can be also observed among protein coding genes.
The retinoic acid-related orphan receptor β (RORβ, encoded by the gene RORB) was
recently reported to inhibit tumorigenesis in colorectal cancer in vivo. When RORβ
was overexpressed, tumorigenic capacity of the cells was significantly reduced, suggesting that this protein acts as a tumor suppressor in colorectal cancer [34]. Intriguingly, we found two of the RORB introns—located at chr9:74,630,368–74,634,630 and
chr9:74,634,773–74,642,413—to have reduced splicing efficiencies in the prostate
cancer sample (SEs of 0.99 and 0.98 in the normal control and 0.63 and 0.60 in the
tumor, respectively) (Fig. 5b). Contrasting, Sushi repeat-containing protein X‐linked 2,
or simply SRPX2, shows the opposite splicing efficiency profile with an intron at the
coordinates chrX:100,662,368–100,664,773 being less efficiently spliced in the control
sample (SE of 0.59) than in the tumor (SE of 0.90, Fig. 5c). Previous studies showed
SRPX2 to play an important role in cancer development and progression. In colorectal cancer, the overexpression of SRPX2 may promote invasiveness of tumor cells [35],
and in prostate cancer, a knockdown of SRPX2 affected the proliferation, migration
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Fig. 5 Read coverage of selected introns in the prostate cancer and the normal control sample. IGV views
of representative cases of introns from different genes comparing prostate cancer versus normal samples. a
Intron located at chr9:76,782,833–76,783,704 of PCA3; b Introns located at chr9:74,630,368–74,634,630 and
chr9:74,634,773–74,642,413 of RORB; and c Intron located at chrX:100,662,368–100,664,773 of SRPX2. Tumor
and normal samples are represented in red and blue, respectively. The figure shows only one of the two
sample replicates. For both replicates, see Additional file 1: Fig. S8

and invasion of cancer cells by partially suppressing the PI3K/Akt/mTOR signaling
pathway [36]. PI3K/Akt/mTOR regulates cell proliferation and survival in different
cancer types and is usually activated in advanced prostate cancer [37, 38]. Furthermore, the suppression of this signaling pathway was reported to reduce cell motility
and invasion in prostate cancer [39].
While these examples obtained from a single prostate tumor provide no biological insight into prostate cancer in general, they illustrate that gene regulation may go
beyond the mere expression levels, with a gain or loss of splicing efficiency potentially
acting as a superposed mechanism that may be beneficial to tumor development.

Comparison with existing methods
We compared SPLICE-q to other methods for the analysis of splicing efficiency or
intron retention, namely iREAD [20], IRFinder [19], and a workflow implemented by
Převorovský et al. [18]. As outlined above, and described in more detail in Additional
file 2, the purpose of iREAD is to determine whether an intron can be considered as
retained or not. Also, IRFinder detects intron retention but provides a quantitative
measure, called IR ratio, which describes the degree of intron retention. This is similar to
the intention of our SE and IER scores, but follows the inverse logic. To our best knowledge, apart from SPLICE-q only Převorovský et al.’s workflow was designed to calculate
“splicing efficiencies”. We compared SPLICE-q to these methods both with respect to the
computational performance and the obtained measurements.
For performance comparison, we used either the HEK293 nascent RNA dataset or the
prostate cancer sample and its matched control. Both SPLICE-q’s run time and memory
footprint were superior to those of the other tested methods, especially when compared
to iREAD and Převorovský et al.’s workflow (see Additional file 2).
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To compare the obtained intron retention and splicing efficiency scores, we first examined whether the other approaches provide results which are correlated to SPLICE-q’s
SE and IER. While the results obtained from IRFinder are conceptually different from
(or even opposite to) the notion of splicing efficiency, as expected they prove to be correlated when considering the inverse of the IR ratio (1-IRratio), as shown in Figures S2 and
S3 in Additional file 2. Although iREAD provides only binary decisions regarding intron
retention—it provides no quantitative degree that would be directly comparable to SE or
IER scores—the fraction of detected intron retention events decreases with increasing
SE or IER, as anticipated. However, the overall fraction of introns identified by iREAD
remains rather low (Fig. S4 in Additional file 2) due to its restrictive default thresholds
for detection of intron retention. Neither IRFinder nor iREAD were able to detect the
events we described for the prostate tumor in Fig. 5 (see Additional file 2: Section 6).
Also the scores computed by Převorovský et al.’s workflow are correlated with splicing
efficiencies (at least on a logarithmic scale, see Fig. S1 in Additional file 2) but they are
not limited to a range from 0 to 1 and do hence not directly measure the degree to which
an intron is spliced out, which makes them less interpretable. Moreover, depending on
the use case (e.g., the species of interest), running the workflow will likely require manual
modification of the source code (see Additional file 2 for some necessary modifications).
Lastly, we compared the three tools with respect to their capability to identify simulated events of increasing intron retention levels, that is, decreasing splicing efficiency.
While iREAD turned out to be too restrictive when using default parameters, SPLICE-q
and IRFinder provide comparable results, although SPLICE-q is slightly better when it
comes to recognizing borderline cases at lower coverage. For further details regarding
these comparisons and justification for our conclusions, please see Additional file 2.
Altogether, SPLICE-q clearly outperforms iREAD and Převorovský et al.’s workflow
and shows slight improvements over IRFinder. Moreover, SPLICE-q is easier to install
and use than the other tools and provides two alternative measurements for evaluating
splicing efficiency as well as a larger set of filtering options.

Conclusions
Here we introduced SPLICE-q, an efficient and user-friendly tool for splicing efficiency
quantification. SPLICE-q enables the quantification of splicing through two different
methods (SE and IER) and is sensitive to the overlap of genomic elements. We demonstrated SPLICE-q’s usefulness showing three use cases, including two different species
and experimental methodologies. Our analyses illustrate that SPLICE-q is suitable to
detect a progressive increase of splicing efficiency throughout a time course of strandspecific nascent RNA-seq data. Likewise, SPLICE-q can be applied to strand-specific
steady-state RNA-seq data and might be useful when it comes to understanding cancer
progression beyond mere gene expression levels, for example, by identifying differential
splicing efficiency between tumor samples and their respective normal controls.
Abbreviations
4tU: 4-Thiouracil; Akt: Protein kinase B; BAM: Binary alignment map; BrU: Bromouridine; ceRNA: Competing endogenous RNA; CIGAR: Concise idiosyncratic gapped alignment report; coSI: Completed splicing index; GTF: Gene transfer
format; HMGB1: High mobility group box 1; IER: Inverse intron expression ratio; mTOR: Mechanistic/mammalian target
of rapamycin; PCA3: Prostate cancer associated 3; PI3K: Phosphoinositide 3-kinase; RORβ/RORB: Retinoic acid-related
orphan receptor β; RT-qPCR: Quantitative reverse transcription polymerase chain reaction; SE: Splicing efficiency; SJ:

Page 11 of 14

de Melo Costa et al. BMC Bioinformatics

(2021) 22:368

Splice junction; SPLICE-q: SPLICing efficiency quantification; SRPX2: Sushi repeat-containing protein X‐linked 2; TSV:
Tab-separated values; Bp: Base pair; HEK293: Human embryonic kidney 293; IGV: Integrative genomics viewer; Pre-mRNA:
Precursor messenger RNA; PRUNE2: Protein prune homolog 2; RNA: Ribonucleic acid; RNA-seq: RNA sequencing.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/s12859-021-04282-6.
Additional file 1: Supplementary figures, tables and materials and methods. The file provides supplementary figures
and tables regarding SPLICE-q’s workflow, parameters, run time and memory usage, and additional results, including
direct comparisons of SE and IER scores. It also describes the experimental and computational protocols used for
BrU-chase RNA sequencing.
Additional file 2: Usage examples and performance evaluation for SPLICE-q. The file describes SPLICE-q’s basic
usage and obtained output. It further provides information on SPLICE-q’s performance as compared to other tools
and workflows, including a simulation of retention levels or reduced splicing efficiency.
Acknowledgements
The authors thank A. Marsico, A. Mayer and M. Vingron for fruitful discussions and ideas on this work and related topics.
Many thanks to E. Ntini for her support, patience and ideas, especially in the initial steps of this work.
Authors’ contributions
VRMC, UAO and RMP designed the study. AL performed the pulse-chase experiments on HEK293 cells. VRMC and
JP implemented the method. VRMC analyzed the data. VRMC and RMP wrote the paper. All authors have read and
approved the manuscript.
Funding
This work was supported by Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES)—Ciência sem
Fronteiras under BEX 99999.002121/2015-08 to V.R.M.C. German Federal Ministry of Education and Research (BMBF)
under FKZ 031A535A (German Network for Bioinformatics) to J.P. The funding bodies played no role in the design of the
study, or the collection, analysis and interpretation of data, or in writing the manuscript.
Availability of data and materials
The datasets generated and/or analyzed during the current study can be downloaded from the NCBI Gene Expression
Omnibus repository with accession numbers GSE92565, GSE83561, GSE84722, GSE70378 and GSE133626.
Availability and requirements: Project name: SPLICE-q, Project homepage: https://github.com/vrmelo/SPLICE-q.
Operating system (s): Linux, macOS, and Windows 10 Subsystem for Linux. Programming language: Python 3, Other
requirements: Python 3.x., including packages PySam and InterLap. License:GNU GPL-2, Any restrictions to use by
non-academics: None.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent to publish
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Institute of Computer Science and Institute of Bioinformatics, Freie Universität Berlin, Berlin, Germany. 2 Department
of Computational Molecular Biology, Max Planck Institute for Molecular Genetics, Berlin, Germany. 3 Department
of Computer Science, Eberhard Karls Universität Tübingen, Tübingen, Germany. 4 Institute for Bioinformatics and Medical Informatics Tübingen, Eberhard Karls Universität Tübingen, Tübingen, Germany. 5 Max Delbrück Center for Molecular
Medicine, Berlin Institute for Medical Systems Biology, Berlin, Germany. 6 Department of Molecular Biology and Genetics,
Aarhus University, Aarhus, Denmark. 7 Dipartimento di Elettronica, Informazione e Bioingegneria, Politecnico di Milano,
Milan, Italy.
Received: 16 October 2020 Accepted: 6 July 2021

References
1. Will CL, Lührmann R. Spliceosome structure and function. Cold Spring Harb Perspect Biol. 2011;3:a003707. https://
doi.org/10.1101/cshperspect.a003707.
2. Konarska MM, Grabowski PJ, Padgett RA, Sharp PA. Characterization of the branch site in lariat RNAs produced by
splicing of mRNA precursors. Nature. 1985;313:552–7. https://doi.org/10.1038/313552a0.

Page 12 of 14

de Melo Costa et al. BMC Bioinformatics

3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

(2021) 22:368

Liu X, Mei JE. Sequence of the polypyrimidine tract of the 3’-terminal 3’ splicing signal can affect intron-dependent
pre-mRNA processing in vivo. Nucl Acids Res. 1996;24:1765–73. https://doi.org/10.1093/nar/24.9.1765.
Wang Z, Burge CB. Splicing regulation: from a parts list of regulatory elements to an integrated splicing code. RNA.
2008;14:802–13. https://doi.org/10.1261/rna.876308.
Osheim Y, Miller OL, Beyer AL. RNP particles at splice junction sequences on Drosophila chorion transcripts. Cell.
1985;43:143–51. https://doi.org/10.1016/0092-8674(85)90019-4.
Carrillo Oesterreich F, Preibisch S, Neugebauer KM. Global analysis of nascent RNA reveals transcriptional pausing in
terminal exons. Mol Cell. 2010;40:571–81. https://doi.org/10.1016/j.molcel.2010.11.004.
Khodor YL, Rodriguez J, Abruzzi KC, Tang C-HA, Marr MT, Rosbash M. Nascent-seq indicates widespread cotranscriptional pre-mRNA splicing in Drosophila. Genes Dev. 2011;25:2502–12. https://doi.org/10.1101/gad.178962.111.
Khodor YL, Menet JS, Tolan M, Rosbash M. Cotranscriptional splicing efficiency differs dramatically between Drosophila and mouse. RNA. 2012;18:2174–86. https://doi.org/10.1261/rna.034090.112.
Ameur A, Zaghlool A, Halvardson J, Wetterbom A, Gyllensten U, Cavelier L, et al. Total RNA sequencing reveals nascent transcription and widespread co-transcriptional splicing in the human brain. Nat Struct Mol Biol. 2011;18:1435–
40. https://doi.org/10.1038/nsmb.2143.
Tilgner H, Knowles DG, Johnson R, Davis CA, Chakrabortty S, Djebali S, et al. Deep sequencing of subcellular RNA
fractions shows splicing to be predominantly co-transcriptional in the human genome but inefficient for lncRNAs.
Genome Res. 2012;22:1616–25. https://doi.org/10.1101/gr.134445.111.
Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast and bias-aware quantification of transcript
expression. Nat Methods. 2017;14:417–9. https://doi.org/10.1038/nmeth.4197.
Faustino NA, Cooper TA. Pre-mRNA splicing and human disease. Genes Dev. 2003;17:419–37. https://doi.org/10.
1101/gad.1048803.
Wood MJA, Gait MJ, Yin H. RNA-targeted splice-correction therapy for neuromuscular disease. Brain. 2010;133:957–
72. https://doi.org/10.1093/brain/awq002.
LeFave CV, Squatrito M, Vorlova S, Rocco GL, Brennan CW, Holland EC, et al. Splicing factor hnRNPH drives an oncogenic splicing switch in gliomas. EMBO J. 2011;30:4084–97. https://doi.org/10.1038/emboj.2011.259.
Hammond SM, Wood MJA. Genetic therapies for RNA mis-splicing diseases. Trends Genet. 2011;27:196–205. https://
doi.org/10.1016/j.tig.2011.02.004.
Krawczak M, Reiss J, Cooper D. The mutational spectrum of single base-pair substitutions in mRNA splice junctions
of human genes: causes and consequences. Hum Genet. 1992;90:41–54. https://doi.org/10.1007/BF00210743.
Hao S, Baltimore D. RNA splicing regulates the temporal order of TNF-induced gene expression. Proc Natl Acad Sci
USA. 2013;110:11934–9. https://doi.org/10.1073/pnas.1309990110.
Převorovský M, Hálová M, Abrhámová K, Libus J, Folk P. Workflow for genome-wide determination of pre-mRNA
splicing efficiency from yeast RNA-seq data. Biomed Res Int. 2016;2016:1–9. https://doi.org/10.1155/2016/4783841.
Middleton R, Gao D, Thomas A, Singh B, Au A, Wong JJL, et al. IRFinder: assessing the impact of intron retention on
mammalian gene expression. Genome Biol. 2017;18:51. https://doi.org/10.1186/s13059-017-1184-4.
Li HD, Funk CC, Price ND. IREAD: a tool for intron retention detection from RNA-seq data. BMC Genom. 2020;21:1–11.
https://doi.org/10.1186/s12864-020-6541-0.
Hirsch CD, Springer NM, Hirsch CN. Genomic limitations to RNA sequencing expression profiling. Plant J.
2015;84:491–503. https://doi.org/10.1111/tpj.13014.
Frankish A, Diekhans M, Ferreira A-M, Johnson R, Jungreis I, Loveland J, et al. GENCODE reference annotation for the
human and mouse genomes. Nucl Acids Res. 2019;47:D766–73. https://doi.org/10.1093/nar/gky955.
Yates AD, Achuthan P, Akanni W, Allen J, Allen J, Alvarez-Jarreta J, et al. Ensembl 2020. Nucl Acids Res. 2019;48:D682–
8. https://doi.org/10.1093/nar/gkz966.
Li H-D. GTFtools: a Python package for analyzing various modes of gene models. bioRxiv. 2018:263517. https://doi.
org/10.1101/263517.
Louloupi A, Ntini E, Conrad T, Ørom UAV. Transient N-6-methyladenosine transcriptome sequencing reveals a regulatory role of m6A in splicing efficiency. Cell Rep. 2018;23:3429–37. https://doi.org/10.1016/J.CELREP.2018.05.077.
Mukherjee N, Calviello L, Hirsekorn A, de Pretis S, Pelizzola M, Ohler U. Integrative classification of human coding and
noncoding genes through RNA metabolism profiles. Nat Struct Mol Biol. 2017;24:86–96. https://doi.org/10.1038/
nsmb.3325.
Piovesan A, Caracausi M, Ricci M, Strippoli P, Vitale L, Pelleri MC. Identification of minimal eukaryotic introns through
GeneBase, a user-friendly tool for parsing the NCBI Gene databank. DNA Res. 2015;22:495–503. https://doi.org/10.
1093/dnares/dsv028.
Barrass JD, Reid JEA, Huang Y, Hector RD, Sanguinetti G, Beggs JD, et al. Transcriptome-wide RNA processing kinetics
revealed using extremely short 4tU labeling. Genome Biol. 2015;16:282. https://doi.org/10.1186/s13059-015-0848-1.
Kumar A, Badredine A, Azzag K, Kasikçi Y, Ranty MLQ, Zaidi F, et al. Patient-matched analysis identifies deregulated
networks in prostate cancer to guide personalized therapeutic intervention. bioRxiv. 2019:695999. https://doi.org/
10.1101/695999.
Pernar CH, Ebot EM, Wilson KM, Mucci LA. The epidemiology of prostate cancer. Cold Spring Harb Perspect Med.
2018;8:a030361. https://doi.org/10.1101/cshperspect.a030361.
Lemos AEG, da Matos AR, Ferreira LB, Gimba ERP, Lemos AE, Goulart L, et al. The long non-coding RNA PCA3: an
update of its functions and clinical applications as a biomarker in prostate cancer. Oncotarget. 2019;10:6589–603.
https://doi.org/10.18632/oncotarget.27284.
Ferreira LB, Palumbo A, de Mello KD, Sternberg C, Caetano MS, de Oliveira FL, et al. PCA3 noncoding RNA is involved
in the control of prostate-cancer cell survival and modulates androgen receptor signaling. BMC Cancer. 2012;12:507.
https://doi.org/10.1186/1471-2407-12-507.
Zhang G, He X, Ren C, Lin J, Wang Q. Long noncoding RNA PCA3 regulates prostate cancer through sponging miR218-5p and modulating high mobility group box 1. J Cell Physiol. 2019;234:13097–109. https://doi.org/10.1002/jcp.
27980.

Page 13 of 14

de Melo Costa et al. BMC Bioinformatics

(2021) 22:368

Page 14 of 14

34. Wen Z, Pan T, Yang S, Liu J, Tao H, Zhao Y, et al. Up-regulated NRIP2 in colorectal cancer initiating cells modulates the
Wnt pathway by targeting RORβ. Mol Cancer. 2017;16:20. https://doi.org/10.1186/s12943-017-0590-2.
35. Liu KL, Wu J, Zhou Y, Fan JH. Increased Sushi repeat-containing protein X-linked 2 is associated with progression of
colorectal cancer. Med Oncol. 2015;32:99. https://doi.org/10.1007/s12032-015-0548-4.
36. Hong X, Hong X, Zhao H, He C. Knockdown of SRPX2 inhibits the proliferation, migration, and invasion of prostate
cancer cells through the PI3K/Akt/mTOR signaling pathway. J Biochem Mol Toxicol. 2018;33:e22237. https://doi.org/
10.1002/jbt.22237.
37. Zhu W, Hu X, Xu J, Cheng Y, Shao Y, Peng Y. Effect of PI3K/Akt signaling pathway on the process of prostate cancer
metastasis to bone. Cell Biochem Biophys. 2015;72:171–7. https://doi.org/10.1007/s12013-014-0433-3.
38. Morgan TM, Koreckij TD, Corey E. Targeted therapy for advanced prostate cancer: inhibition of the PI3K/Akt/mTOR
pathway. Curr Cancer Drug Targets. 2009;9:237–49. https://doi.org/10.2174/156800909787580999.
39. Van de Sande T, De Schrijver E, Heyns W, Verhoeven G, Swinnen JV. Role of the phosphatidylinositol 3′-kinase/
PTEN/Akt kinase pathway in the overexpression of fatty acid synthase in LNCaP prostate cancer cells. Cancer Res.
2002;62:642–6.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

