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Abstract
Background

The structures of the spliceosome have been resolved in different complexes, but the functions of
spliceosome components in splicing �delity are largely unclear. A few proteins, such as SLU7 and EJC,
are known to have roles in splicing �delity.

Results

In this work, through a systematic analysis of the cryptic splice sites in humans, mice and fruit �ies using
shRNA-seq and siRNA-seq datasets,  I ranked the importance of different proteins in splicing �delity. The
important proteins include IBC, EJC, SLU7, Prp22 and other splicing-related factors, especially AQR, whose
knockdown induced the highest number of cryptic splice sites in K562, N2A, and CGR8, suggesting its
central role in splicing �delity in higher organisms. The metapro�les of the cryptic splice sites for AQR
and Prp17 further indicate that cryptic 3' splice sites can induce cryptic exons, which then contribute to
cryptic 5' splice site generation.

Conclusions

I analyzed siRNA-seq/shRNA-seq from a new angle. I found that AQR knockdown induced the highest
number of cryptic 5' and 3' splice sites in three cell lines and that RBP knockdown mainly induced cryptic
3' splice sites, which then induced cryptic 5' splice sites.

Background
Extensive data on the spliceosome structure have been reported due to the development of Cryo-EM.
Different stages of the spliceosome complex have been resolved in both yeast and humans [1, 2].
Although the interaction of spliceosome components and their structures in different stages have been
elucidated, their detailed functions in splicing regulation are unclear. The functional studies have lagged
largely behind the structural analyses [3].

One major function of the spliceosome is ensuring splicing �delity (or splicing proofreading) [4], and
cryptic splice site usage directly re�ects the �delity of splicing. Both mutations in the cis-elements and
mutation/knockdown of trans-factors can induce cryptic splice sites. Several studies have shown the
roles of some RBPs in splice site recognition, e.g., SLU7 participates in the second step of the splicing
reaction, and knockdown of SLU7 induces cryptic 3' splice sites [5]. Another example is the EJC; two
studies recently showed that EJC’s components protect the exons, and their knockdown-induced cryptic 3'
and 5' splice sites occur mainly in exon regions [6, 7]. Although several roles of RBPs in splicing �delity,
such as those of PRP22 and the abovementioned EJC, are well known, the functional roles of most RBPs
in splice site recognition are unclear. Thus, a systematic study on cryptic splice sites is needed to
determine the role of different RBPs in splicing �delity.
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Here, I analyzed siRNA-seq and shRNA-seq in humans, mice and fruit �ies using thousands of NGS
datasets. The results showed that several RBPs, including IBC (ISY1, CRNKL1, ZNF830, SYF1, AQR), EJC
(EIF4A3, MAGOH, RBM8A, CASC3), poly-U (poly-T) binding proteins (hnRNP C, U2AF2 and PUF60), SLU7
and Prp22, play an important role in splicing �delity. In addition, through meta-analyses of cryptic 5'
splice sites, cryptic 3' splice sites, and cryptic exons, I found that RBP knockdown mainly induced cryptic
3' splice sites and cryptic 3' splice sites can induce cryptic exons, which then induce cryptic 5' splice sites.

Results
AQR knockdown induced the highest number of cryptic splice sites

Five cell lines from three organisms were used here to analyze cryptic splice sites. The �ve cell lines are
K562, HepG2, S2, N2A, and CGR8. The shRNA-seq/siRNA-seq data for K562, HepG2 and the fruit �y S2
cell lines were directly obtained from the ENCODE project. The mouse N2A and CGR8 cell lines contain
~1,400 RBP/TF siRNA-seq datasets, which are pooled sequencing data, and 52 cassette splicing events
were sequenced [8]. The general work�ow is shown in Figure 1A. For each shRNA-seq/siRNA-seq dataset,
I used STAR aligner [9] to obtain all the junctions (both new junctions and annotated junctions). Then,
these junctions were converted into 5' splice sites and 3' splice sites for each shRNA-seq/siRNA-seq. For
exclusion of the known junctions and noisy background junctions, these collected 5' splice sites and 3'
splice sites were then �ltered by 5' splice sites and 3' splice sites from gene annotation and all the control
RNA-seq datasets (Figure 1A). The same work�ow was performed for the other cell lines.

Among the 241 RBPs’ shRNA-seq datasets in K562, knockdown of AQR induced the highest number of
cryptic splice sites (Figure 1B). In addition to that of AQR, knockdown of several other RBPs induced a
relatively higher number of cryptic 3' splice sites and cryptic 5' splice sites: EJC components, SF3A and
SF3B complex components, the spliceosome core protein RRPF8, the poly-U binding proteins hnRNP C,
U2AF2 and PUF60, and the m6A reader FTO (Additional �le 1). Similar results were obtained using the
HepG2 cell line (Figure 1C and Additional �le 2).

The mouse dataset contains ~1,400 siRNA-seq datasets and almost all spliceosome components.
Among the IBC components (AQR, ISY1, SYF1, ZNF830, and CRNKL1), three of them are the top genes in
the datasets when considering cryptic 3' splice sites (Figure 1D). Other top genes included SLU7 and
DHX8/PRP22 (Additional �le 3). For cryptic 5' splice sites, AQR was still the top gene (Figure 1E). The 2nd

highest was Med26, which belongs to the mediator complex (Additional �le 3). One study reported that
mediator and polymerase II can in�uence cryptic 5' splice site recognition in yeast [10]. The above results
were consistent between the two cell lines (N2A and CGR8, please see Additional �le 3).

Previous studies on the ENCODE fruit �y siRNA-seq dataset showed that spliceosome component
knockdown caused a smaller PSI change than knockdown of alternative splicing regulation RBPs [11],
while the above results showed that cryptic splice sites are mainly caused by knockdown of spliceosome
components. Thus, I further tested whether spliceosome component knockdown induced the highest
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number of cryptic splice sites in this �y siRNA-seq dataset, which may indicate that spliceosome
components are more related to splicing �delity than alternative splicing regulation. The results showed
that RBPs whose knockdown induced the highest number of cryptic sites are spliceosome components in
fruit �ies, as shown in Figure 1F and Additional �le 4. Pea/DHX8/Prp22 knockdown induced the highest
numbers of cryptic 3' splice sites (Additional �le 4), and this protein knockdown also induced one of the
highest numbers of cryptic 3' splice sites in the mouse dataset, as shown above.

Sequence and motif properties of the cryptic splice sites

Next, I analyzed the properties of these cryptic sites. The number of cryptic 3' splice sites was greater
than the number of cryptic 5' splice sites for all RBPs in the K562 and HepG2 cells (Figure 2A). This result
suggests that 3' splice sites undergo more regulation than 5' splice sites by the RBPs studied here. I
calculated the maxEntScore [12] for three different types of splice sites: all AG/GT splice sites in introns,
AG/GT splice sites that are used when proteins are knocked down, and canonical intron splice sites. The
results indicated that sequence preference has a strong effect on cryptic splice site usage (Figure 2B&C). I
then performed motif analysis for all the RBPs’ cryptic 5' splice sites and cryptic 3' splice sites for K562,
and all the motifs were similar to AGGTAAG. The corresponding sequence in U1 snRNA is UCCAUUC, so
all the motifs around the cryptic 5' splice sites are complementary to the U1 snRNA (Figure 2D&E). The
complementation between the cryptic 5' splice site motif and U1 snRNA indicated that 5' splice sites are
mostly regulated by U1 snRNA. For cryptic 3' splice sites, only the motifs of hnRNP C contained an
obvious poly-U. This result is consistent with one previous study on hnRNP C competing with U2AF2 to
repressing the cryptic 3' splice sites in the poly-U region of ALU [13]. Poly-U is bound by U2AF2 to initiate
spliceosome assembly, while the lack of poly-U in the cryptic 3' splice site motifs suggests that splicing
�delity regulation by these RBPs mainly occurs after U2AF2 participates in the spliceosome. A consistent
motif result was observed using the fruit �y dataset. The cryptic splice sites induced by knockdown of
most RBPs are strongly enriched near the canonical 3' or 5' splice sites (Additional �le 5). The result of
cryptic sites’ positions near canonical sites suggest they usually don’t disrupt exon de�nition and this
agreed with that RBPs mainly regulate splice sites after U2AF2 participated in spliceosome when near
canonical splice sites.

Some of the RBPs used above may not be directly involved in splicing �delity, and they may act as a
regulation layer for other RBPs. To �nd the potential similar functions and potential regulation between
the RBPs in splicing �delity, I overlapped the cryptic junctions between the shRNA-seq dataset of every
two RBPs and performed a Poisson test. As shown in Additional �le 1, junctions overlapping within EJC’s
components showed very signi�cant p-values, and junctions overlapping between U2AF1 and U2AF2 also
showed very signi�cant p-values. Similar results were obtained using the HepG2 cell line (Additional �le
2). Overlapping junctions were also determined for the N2A and CGR8 cell lines to test if cryptic junctions
were stable between these cell lines. This result showed that junctions overlapping within the
components of IBC had the highest ranks (Additional �le 3).

Analyzing the cryptic splice sites in different regions
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The regulation mechanism of splicing is different in deep introns and near canonical splice sites [14].
Thus I further classify the cryptic splice sites into different regions. I analyzed cryptic splice sites in ALU
elements, cryptic splice sites in exons, cryptic splice sites near canonical splice sites (< 200bp) and
cryptic splice sites that are in deep introns (distance from canonical splice sites > 200bp) respectively.
Knockdown  of HnRNP C induced the highest number of cryptic 3' splice sites in ALU elements (Additional
�le 1&2). Knockdown of RAVER1 and SRSF3 induced the highest number of cryptic 3' splice sites in deep
introns in HepG2 cells (Additional �le 2). When considering cryptic splice site motifs in deep introns, most
RBPs’ cryptic 3' splice site motifs contained more obvious poly-U, and cryptic 5' splice site motifs are
more complementary with U1 snRNA (Additional �le 5). In total, this analysis suggests that in deep
introns, cryptic 3' splice sites need poly-U to initiate spliceosome assemble. While around canonical splice
sites, cryptic 3' splice sites shared the poly-U of the canonical splice sites.

Metapro�ling of cryptic exons and cryptic splice sites suggests that cryptic 5' splice sites are induced by
cryptic exons

Exons can be accurately identi�ed by sequencing reads that span two or more junctions [6] (Figure 3A). I
used this method to evaluate all shRNA-seq datasets and found that AQR knockdown still induced the
highest number of cryptic exons (Figure 3B). To determine why AQR knockdown simultaneously induced
the highest number of cryptic 5' splice sites, cryptic 3' splice sites, and cryptic exons, I generated the
metapro�les of the three and aligned them in Figure 3C. The cryptic exon 5' positions are highly
consistent with the cryptic 5' splice sites. This result suggests that cryptic 5' splice sites are induced by
cryptic exons. Note that cryptic exons are much harder to detect than cryptic splice sites since one read
must contain at least two junctions to detect a cryptic exon, and the read length constraints must be
considered (100 bp for ENCODE shRNA-seq). The similarity between the motifs of cryptic 5' splice sites
and cryptic exons’ 5' splice sites further indicates that they are produced by the same mechanism (Figure
3C).

To further test this, I generated the above pro�les for PRP17 in HepG2 cells, whose knockdown (by
CRISPR) induced one of the highest numbers of cryptic 3' splice sites in HepG2 cells (Additional �le 2). A
similar pro�le was observed compared with that of AQR in K562 cells (Figure 3D). The motifs of the
cryptic exons’ 5' splice sites after knockdown of AQR and PRP17 are highly complementary to the U1
snRNA recognition motif.

Discussion
Higher organisms contain much longer introns than yeast, and how the spliceosome recognizes the
correct splice sites among the much greater number of cryptic splice sites is unknown. In this work,
through a systematic analysis of cryptic splice sites in three organisms, I found that several proteins play
a role in this process.

Splicing �delity and AQR
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Among the RBPs whose knockdown induced the cryptic splice sites mentioned above, some molecules’
mechanisms are relative clear. EJC and EJC peripheral bind the exon region and prevent the exon from re-
splicing [6, 7], SLU7 �xes upstream exon in appropriate position in spliceosome catalyzation [5], SF3B1
binds and regulates the branch point position [15], hnRNP C competes with U2AF2 to regulate 3’ splice
sites [13], and PRP22 proofreads splicing by competing with exon ligation [4]. PRP16 and RBM17 have
also been reported to in�uence splicing �delity [4, 16], but their knockdown didn’t induce signi�cant
number of cryptic splice sites. Some others molecules, especially IBC, whose knockdown induced the
highest number of cryptic splice sites in mice and humans, have unclear mechanisms. In an extreme
example of RPL11, almost all the AG in this intron near canonical 3' splice site were used as cryptic 3'
splice sites after knockdown of AQR (Figure 4A). IBC joins the spliceosome during Bact complex [17], so it
regulates splicing �delity after B complex formed. Previous studies found that AQR knockdown can
disrupt snoRNA metabolism[18]. I further found that snoRNA host introns naturally contain a much
greater number of branch points than other introns (Figure 4B). This result suggests that AQR may be
related to branch site position regulation. In addition, AQR in IBC is one of the splicing factors (the only
RNA helicase missing) that is missing in S. cerevisiae’s spliceosome but exists in S. pombe’s spliceosome
(Additional �le 5), suggesting its potential role in the much larger number of introns in S. pombe (~5,000
introns) than S. cerevisiae (~250 introns).

IBC and EJC play an important role in splicing �delity and both are peripheral to the spliceosome

EJC components’ cryptic 5' splice sites and cryptic 3' splice sites are usually enriched in exon regions [6,
7], also as shown in Additional �le 5, and their knockdown shortens the exons. Cryptic splice sites
induced by knockdown of AQR are enriched in intron regions (Additional �le 5), and their knockdown
shortens the introns. Both IBC and EJC are in the periphery of the spliceosome (Figure 4C). This result
suggests that the periphery of the spliceosome is the same or more important than the interior of the
spliceosome in splicing �delity in mice and humans.

AQR knockdown induced cryptic 3' splice sites →induced cryptic exons →induced cryptic 5' splice sites

AQR knockdown induced the highest number of cryptic exons through cryptic 3' splice sites, as shown in
Figure 4D. When cryptic 3' splice sites are relatively far from canonical 3' splice sites, the new cryptic
downstream exons will be too long, while the median length of the human exon is 136 bp. A longer exon
may cause the cryptic 5' splice sites in the new exon regions to be recognized and induce cryptic exons.
Overall, cryptic 3' splice sites induced cryptic exons, which then induced cryptic 5' splice sites. These
results can also explain why all cryptic 5' splice site motifs are complementary to U1 snRNA because
splicing factors mainly regulate 3' splice sites and cryptic 5' splice sites are induced by cryptic 3' splice
sites.

Limitations

This work examines the importance of different RBPs in splicing �delity. Although the results are stable
between different organisms or different cell lines, the regulatory mechanism of most proteins analyzed
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here is unclear. Thus, future works should elucidate the detailed mechanisms of different proteins in
splicing �delity and the relationship between 3' splice sites and exon de�nition.

Conclusions
Reads that support cryptic splice sites usually account no more than 0.1% of totally mapped reads in
each siRNA-seq/shRNA-seq. Instead of differential gene expression and differential alternative splicing, I
analyzed cryptic splice sites in three higher organisms. I found that AQR, which belongs to IBC, plays a
key role in splicing �delity. In addition, I found that knockdown of RBPs mainly induced cryptic 3' splice
sites, which then induced cryptic exons and cryptic 5' splice sites. The important RBPs found here are
stable between cell lines or organisms.

Methods
Datasets and annotations used

shRNA-seq for K562 and HepG2 cells was downloaded from the ENCODE project
(https://www.encodeproject.org/) [19], and raw fastq �les were used here. All the control shRNA-seq,
control CRISPR-seq, and normal RNA-seq data were merged to further �lter the cryptic splice sites. Mouse
data were downloaded from NCBI SRA (SRP073198), and the siNT, nontargeting siRNA and mock
controls were merged together to �lter the cryptic splice sites. The fruit �y siRNA-seq dataset was
downloaded from the modENCODE project [20]. Because only two control RNA-seq datasets exist in the
siRNA-seq dataset of fruit �ies, all the normal RNA-seq data in fruit �ies available in ENCODE were used
as controls to �lter cryptic splice sites independent of the cell line. GENCODE hg19 annotation was used
for human. GENCODE mm10 was used for mouse, and Dm6 from ENSEMBL [21] was used for fruit �y.
The positions of ALU elements are downloaded from UCSC [22] and only kept ALU elements with length <
350 and > 250.

STAR and cryptic sites

The 2-pass mode was used for the STAR aligner to �nd cryptic junctions, and an overhang of at least 8
base pairs was set in the STAR to avoid spurious junctions. The STAR aligner can output ‘SJ’ �les that
contain all the junctions detected, nucleotides of the anchor sites and read count information, and the
cryptic splice sites can be obtained by simply processing these �les. At least two unique mapped reads
were required to de�ne a cryptic splice site for shRNA-seq and siRNA-seq in the human and fruit �y
datasets. The mouse data were from a low coverage dataset due to pooled sequencing, and only 1
unique mapped read was required to de�ne a cryptic site. For all three organisms, at least 1 unique
mapped read was required to de�ne a splice site for the control RNA-seq in the three organisms. For each
siRNA-seq/shRNA-seq, the splice sites of all the controls were merged together to �lter noisy background
splice sites. I �ltered the 3’ and 5’ splice sites by their canonical nucleotides, I mainly concentrated on the

https://www.encodeproject.org/
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GT-AG type when performing downstream analysis, and over 99% of the cryptic splice sites are the GT-AG
type.

Cryptic exons

After getting the aligned BAM �les, cryptic exons were called from a custom Java program. The ‘jI’ tag in
the STAR aligner contained the junction sites for each read. The Java program detected reads that
contain two or more junctions (‘jI’ tag length >3) and output the junctions; the regions between these
junction sites are either introns or exons. At least 1 unique read was required to de�ne a cryptic exon, and
1 unique read was required to de�ne exons in the control. The cryptic exons in each shRNA-seq dataset
were obtained by subtracting the exons detected in the annotation and all the control RNA-seqs. The
detailed analysis work�ow is similar to the cryptic splice site analysis, as shown in Figure 1A; the only
difference is the splice sites were replaced by exons.

Metapro�ling of cryptic splice sites

Metapro�les were based on R and Bioconductor. Unique introns in GENCODE hg19 with lengths > 500
were used here to generate the metapro�les. The branch point positions were obtained from one previous
study [23].

Overlapping junctions and IDR

The cryptic junctions are junctions not in the control or the annotation and with at least two reads for
support. The work�ow to determine the cryptic junctions is similar to Figure 1A, but spliced sites were
replaced with junctions. Fisher’s exact test will be biased when the number of junctions is very large.
Therefore, the Poisson test was used to test whether the overlapping cryptic junctions between the two
proteins were signi�cant. The detailed formula is as follows:

where A is the number of cryptic junctions after knockdown of protein A and B is the number of cryptic
junctions after knockdown of protein B. A&B is the number of same overlapping cryptic junctions
between knockdown of protein A and B. Total cryptic junctions is the number of all unique cryptic
junctions in this cell line.

IDR was calculated for the mouse data to �nd the most stable proteins that in�uence splicing �delity in
the two cell lines [24]. The R package called ‘idr’ performed this analysis.

Abbreviations
ALU: A kind of short repeat element
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EJC: Exon junction complex

IBC: Intron binding complex

IDR: Irreproducible discovery rate

NGS: Next-generation sequencing

PSI: Percent spliced in

RBP: RNA binding protein
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