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ABSTRACT

Many human genes are transcribed from both
strands and produce sense-antisense gene pairs.
Sense-antisense (SAS) chimeric transcripts are pro-
duced upon the coalescing of exons/introns from
both sense and antisense transcripts of the same
gene. SAS chimera was first reported in prostate
cancer cells. Subsequently, numerous SAS chimeras
have been reported in the ChiTaRS-2.1 database.
However, the landscape of their expression in hu-
man cells and functional aspects are still unknown.
We found that longer palindromic sequences are a
unique feature of SAS chimeras. Structural analysis
indicates that a long hairpin-like structure formed
by many consecutive Watson-Crick base pairs ap-
pears because of these long palindromic sequences,
which possibly play a similar role as double-
stranded RNA (dsRNA), interfering with gene expres-
sion. RNA–RNA interaction analysis suggested that
SAS chimeras could significantly interact with their
parental mRNAs, indicating their potential regulatory
features. Here, 267 SAS chimeras were mapped in
RNA-seq data from 16 healthy human tissues, re-
vealing their expression in normal cells. Evolutionary
analysis suggested the positive selection favoring
sense-antisense fusions that significantly impacted
the evolution of their function and structure. Overall,
our study provides detailed insight into the expres-

sion landscape of SAS chimeras in human cells and
identifies potential regulatory features.

INTRODUCTION

The fusion of exons or introns from two different genes
can lead to the production of chimeric transcripts (1,2).
Numerous studies have addressed the functional roles of
various chimera in cancer progression, neurological dis-
orders and other genetic abnormalities (3–10). Abundant
levels of chimeric transcripts are also found in normal
cells (11,12). Chimeric transcripts can be produced by sev-
eral mechanisms, including cis-splicing of adjacent genes
(13,14), trans-splicing (15,16), chromosomal translocation
(17) and transcriptional slippage (11,18). Trans-splicing is
frequently observed in lower eukaryotes, where it plays a
vital role in generating functional diversity and regulating
the expression of genes involved in cell viability and growth
(19). Trans-splicing is also believed to be an important
reason for the production of fusion transcripts in normal
cells (20,21). However, trans-splicing occurs at a very low
frequency in higher vertebrates, and its underlying mech-
anisms remain unknown. Increasing evidence has shown
that trans-splicing frequently occurs in physiological and
pathological processes (11,19,21), although these results
have been questioned due to the possibility of chimeric arti-
facts appearing as a result of reverse transcription (22). Fur-
thermore, detecting several recurrent chimeric transcripts
in high throughput RNA-seq data supports the claim that
chimeric transcripts could be produced via trans-splicing
mechanisms (12). Both splicing and gene fusions are com-
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mon phenomena that appear in a substantial proportion of
normal tissues, as well as in cancer cells (21,23,24).

The exponential increase in next-generation sequencing
data has helped identify over 150,000 chimeric transcripts
collected in various databases and public datasets (25).
One popular chimeric RNA resource is ChiTaRS (Chimeric
Transcripts and RNA-Seq data), originally released in 2012
and subsequently updated (26–29). In ChiTaRS 2.1, a
new sub-class of 6044 gene fusions, sense-antisense (SAS)
chimeras, was reported (27). These chimeric RNAs are gen-
erated by the fusion of exons and/or introns from the sense
and antisense strands of the same gene. A significant num-
ber of mammalian genes were reported to be transcribed
from both the strands of the same gene and producing
sense-antisense gene pairs (30). The antisense transcripts of
the genes are generally long non-coding RNA transcripts
and served as a regulator of sense transcripts (31). Co-
expression of both sense and antisense transcripts in the
cells is crucial for maintaining normal functional processes
(32). SAS chimeras were first reported in prostate cancer
cells, where antisense transcripts of the KLK4 gene form
chimeras with the KLK4 sense transcript (18). Subsequent
RNA-seq analysis of >300 samples showed a significant
proportion of recurrent chimeric SAS transcripts in differ-
ent cancer cell lines (27–29). However, the underlying mech-
anism of SAS chimera formations and their functional sig-
nificance have not yet been explored.

To explore the potential roles of SAS chimeric transcripts
in humans, the present study aimed to investigate their
structural and functional features. We detected long palin-
dromic sequences present at or near the junction sites of
most SAS chimeras. We also predicted that >85% of SAS
chimeric transcripts are long non-coding RNA (lncRNA).
Analysis of RNA secondary structure often plays a sig-
nificant role in determining the function of lncRNA tran-
scripts (33,34). Many regulatory RNA functions depend
on secondary structure, which can be altered in response
to a diverse array of cellular conditions (35). Hence, we
were interested in studying structural aspects of these SAS
chimeras, particularly the functional role of the palindromic
sequences. We found that SAS chimeras form long hairpin-
like structures along the length of the palindromic regions,
indicative of their possible function as double-stranded
RNA (dsRNA) that can serve to inhibit gene expression.
Furthermore, RNA-RNA interaction analysis by free en-
ergy minimization uncovered the potential interaction of
SAS chimeras with their parental mRNAs. This result indi-
cates that this long hairpin-like structure could enable SAS
chimeras to interact with their parental mRNA transcripts
and regulate their expression in response to different cellu-
lar conditions. Next, we mapped several SAS chimeras in
different healthy human tissues and detected potential or-
thologs in mice. Our study thus uncovered essential regula-
tory features of SAS chimeras and highlighted their expres-
sion landscape in human cells.

MATERIALS AND METHODS

Mining SAS chimeras and mapping them in RNA-seq data

From 66,243 chimeric RNAs available in the ChiTaRS
database (29), we isolated a specific set of chimeric fusions

that occurred between the sense and antisense strands of the
same gene. We thus collected 5180 human SAS chimeras.
First, we defined the junction region of each chimera using
the formula: Junction region = overlapping sequence +15
bp upstream sequence +15 bp downstream sequence. Pre-
processing of human chimeras was performed to filter-out
low-quality chimeras. In this process, low-quality chimeras
were filtered out based on the criteria: (i) a junction se-
quence of a chimera identical to a human genome or
transcriptome sequence (identity 95% and query coverage
100%) was removed, (ii) chimeras with duplicate junction
sequences were excluded, (iii) chimeras with high percent-
ages of A, T and N nucleotides at junction sequences were
removed because of minimization of the possibilities of
poly-A tails or ambiguous nucleotides, (iv) chimeras with
overlaps 40 bp-long were excluded and (v) chimeras with
short–length parental genes of <50 bp were removed. Ac-
cordingly, we trimmed the number of human SAS chimeras
with a unique junction to 2896 based on the above stringent
criteria.

Next, to map the SAS chimeras in RNA-seq data, we em-
ployed the pipeline depicted in Figure 1. First, we built a
local database consisting of the human genome (hg38), hu-
man transcriptome and human SAS chimeras (ChiTaRS-
5.0). Then, we used Bowtie2 (36) for mapping RNA-seq
reads to this database. The potential SAS chimeras were
identified from the RNA-seq data if they satisfied the fol-
lowing three criteria: (i) Reads only mapped with human
SAS chimeras and not with the human genome or transcrip-
tome, (ii) at least five reads covered the junction length of the
chimera and (iii) the quality of mapping reads was MAPQ>
= 10.

Predicting the protein-coding and non-coding nature of SAS
chimeric transcripts

To predict the protein-coding abilities of SAS chimeric
transcripts, we used CNIT (http://cnit.noncode.org/CNIT/)
(37), CPAT (http://lilab.research.bcm.edu/cpat/) (38) and
LncFinder (39). CPAT (38) can accurately distinguish be-
tween coding and non-coding mammalian transcripts (40).
CNIT (37) is a recently published tool for more accurately
identifying the coding ability of RNA transcripts based
on intrinsic features of the sequences. CNIT predicts the
protein-coding ability of human transcripts with 98% ac-
curacy. LncFinder (39) can predict novel lncRNAs using
machine-learning approaches based on features extracted
from sequence-intrinsic composition, secondary structure
and physicochemical properties. We annotated the SAS
chimeras as protein-coding or as lncRNA when the output
of these three tools agreed.

Prediction of RNA secondary structure

The secondary structures of selected SAS chimeras were
predicted using the RNAfold tool from the ViennaRNA
Package (41). To predict RNA secondary structure, the tool
minimizes free energy (MFE structure) using the Zuker al-
gorithm (42). The energy model is loop-based, and free en-
ergy of RNA secondary structure is calculated as the sum
of the free energies of all loops. The structures were colored
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Figure 1. The in-house pipeline used to detect SAS chimeras in RNA-seq data.

according to base-pairing probabilities, as calculated with
a partition function that sums all Boltzmann-weighted free
energies of all possible secondary structures (43). The nu-
cleic acid sequence of chimeras was provided as input to the
command line tool with default parameters. For each SAS
chimera, we predicted structural accessibility, reflecting nu-
cleotides as being paired or unpaired using Raccess (44).
CentroidFold (45) was used to compute the base-pairing
probability plot. LncTar (46) was used to detect interactions
between the lncRNA (SAS chimeric transcript) with the
mRNA sequence of the parental gene. Information regard-
ing free energy of binding and duplex formation between
the mRNAs (parental genes) and the SAS chimeras was ob-
tained using the RNAfold web server (41) of ViennaRNA.
The RNAup server was used to predict RNA–RNA interac-
tions. RNAup (47) first assesses the energy needed to open
the structure for every stretch of bases up to a certain length
for both RNA molecules. Then, the interaction-free energy
is computed and combined with the opening energy for the
entire micro-state range to obtain the total binding energy.
IntaRNA (48) was also used to predict RNA–RNA inter-
actions and for visualization.

Gene Ontology analysis and analysis in cancers

Gene ontology and pathway enrichment analyses were per-
formed using ShinyGO v0.61(49) and Panther (49). To in-
vestigate associations of genes forming SAS chimeras in
cancer, we used TumorPortal (50) and CancerMine (51),
and performed thorough data mining of PubMed resources.
We downloaded RNA-seq data of breast tumors from the
Pan-Cancer Analysis of Whole Genomes (PCAWG) project
(52,53) and also downloaded RNA-seq of the breast cancer
cell line MCF-7 from the Cancer Cell Line Encyclopedia
(CCLE) (54).

RESULTS

Characterization of SAS chimeric transcripts based on their
predicted coding potentialities

Predicting the protein-coding abilities of transcripts is im-
portant for understanding their functions. Therefore, we
collected 5180 human SAS chimeras (Supplementary Table
S1) found in the ChiTaRS 5.0 database (29) and predicted
their coding abilities. SAS chimeras were thus classified as
protein-coding or long non-coding RNA (lncRNA) tran-
scripts. It is, however, important to note that computational
prediction of a transcript as non-coding does not always
mean that that transcript acts as a functional lncRNA. In-
deed, recent studies have demonstrated that few annotated
lncRNAs can be translated into micro-peptides (55,56).
Therefore, we used the three most widely used tools for eval-
uating coding potentiality (see Materials and Methods) and
only annotated SAS chimera coding abilities when the out-
put from all three tools was the same. We thus found that
only 5.97% of the transcripts possess protein-coding ability
and that 85.1% of SAS chimeric transcripts cannot be trans-
lated into proteins (Supplementary Table S2). We could not
annotate the coding abilities of 8.93% of the SAS chimeras
because the three tools used for the predicting coding abil-
ity did not agree. These results highlight that SAS chimeras
are less likely to generate fusion proteins and may instead
act as lncRNAs.

Sequence feature analysis reveals that SAS chimeras contain
longer palindromic sequences

We consulted the ChiTaRS 5.0 database (29) and down-
loaded FASTA sequences and associated details for 5180
SAS chimeras identified in humans. We trimmed this num-
ber to the 2896 SAS chimeras that matched the stringent
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criteria delineated in the Materials and Methods. We an-
alyzed sequence features of the SAS chimeras and found
that a significant number included palindromic sequences.
We explicitly checked for patterns of palindromic sequences
present in both SAS and non-SAS chimera groups. For the
purposes of this study, the minimum length of a palindrome
was fixed to 10 bp, and the number of permitted mismatches
was set at zero to avoid false positives. Among the 2896
SAS chimeras, palindromic sequences were present in 1140
chimeras (39.3%), with a median length of 17 bp. To assess
the significance of the longer palindromic sequences noted
in SAS chimeras, we checked the status of palindromic se-
quences in all other non-SAS chimeras that have been iden-
tified in humans. We thus extracted a total of 66,243 human
chimeric RNAs from the ChiTaRS 5.0 database (29) and
reduced this list to the 16,706 that matched the strict crite-
ria for high-quality chimeras using our in-house detection
pipeline. As with the SAS chimeras, the minimum palin-
drome length was fixed at 10 bp, and the number of permit-
ted mismatches was set at zero. Among these 16,706 non-
SAS chimeras, 4298 chimeric RNAs contain palindromic
sequences (25.7% of all non-SAS chimera), with a median
length of 11 bp (Figure 2A). We further compared the SAS
and non-SAS chimera groups based on the presence of at
least 25 bp-long palindromic sequences. We found 336 SAS
chimeras (11.6%) and 100 non-SAS chimeras (0.59%) with
palindromic sequences >25 bp. This indicates that the pres-
ence of longer palindromic regions is a unique feature of
SAS chimeras.

Next, we addressed the specific locations of the palin-
dromic sequences within chimeras from both the SAS and
non-SAS groups. We observed that palindromic sequences
are located within the overlapping region of the junction site
of 57.63% SAS chimeras and 7.2% non-SAS chimeras (Fig-
ure 2B). Since several palindromes appeared at the break-
point junction site of SAS chimeras, we represented these re-
gions in the form of a motif (Supplementary Table S3, Sheet
2) using the MEME motif discovery tool (57). The most fre-
quently observed palindromic sequence at junction regions
(E-value 2.6E–004) is represented in Figure 2C. In 21.31%
SAS chimeras and 41.43% non-SAS chimeras, we found
palindromic sequences that were not exactly located in the
overlapping regions of the junction, but rather are present
on both sides of the junction region. For this group of SAS
and non-SAS chimeras where palindromic sequences are lo-
cated on both sides of the junction, we calculated the dis-
tance of the palindromic sequences from the breakpoint
junction regions. We found this distance to be significantly
higher in non-SAS chimeras than in SAS chimeras (Fig-
ure 3). Moreover, we observed that the presence of palin-
dromic sequences on only one side of the breakpoint junc-
tion site was lower in the case of SAS chimeras, as compared
to non-SAS chimeras (Figure 2B). This result indicates that
the longer palindromic sequences within or near the junc-
tion regions of the SAS chimeras might play significant roles
in chimera functionality. Therefore, from this list of SAS
chimeras, we selected the top 100 SAS chimeric RNAs with
palindromic regions 41 bp-long or above for subsequent in-
depth analysis. We further sought to identify the functional
role and repercussions of such lengthy palindromes in the
human genome.

Structural analysis of SAS chimeras with long palindromic
sequences

The study of RNA secondary structure is critical to under-
standing the function and regulation of RNA transcripts
(58–61). Hence, we predicted the secondary structure of the
top 100 SAS chimeras with long palindromic sequences us-
ing the RNAfold tool of the ViennaRNA package (41). Of
the 100 chimeras analyzed, 91 formed long paired struc-
tures within the palindromic regions across the two strands.
These strands projected outwards, forming a hairpin-like
structure. Nine other chimeras also formed similar struc-
tures, although a few nucleotides were missing toward the
pairing edge. This result strengthened our hypothesis that
the palindromic regions play a significant role in forming
the SAS chimeras considered here. From the top 100 SAS
chimeras, identified on the basis of palindromic sequence
length, a representative image of chimera ID AA541549
is depicted in Figure 4, where the highlighted base-pairing
portion represents the palindromic region. From the base-
pairing probability dot plot (62) generated by CentroidFold
(45) of this SAS chimera (Figure 5A), it can be seen that the
palindromic repeat region is present at the junction site of
the chimera, where overlapping nucleotides from both the
sense (region 160–224) and anti-sense strands (region 253–
317) of the gene are seen, and which could give rise to a
hairpin-like structure. We assume that such structures en-
able the formation of SAS chimeras (which are generally
single-stranded) that can function as dsRNA.

Several natural dsRNAs are found in human cells which
participate in major biological processes (63). Recent stud-
ies have shown that dsRNAs can give rise to small interfer-
ing RNA (siRNA), upon degradation (64). Only organisms
possessing RNA-dependent RNA polymerase (RdRP) ac-
tivity are known to show gene regulation due to endoge-
nous siRNA (65). However, since humans do not possess
RdRP, the nature of endogenous siRNA activity and the re-
lated gene regulation is still unclear (65). We hypothesized
that SAS chimeras could function as dsRNAs in humans
through a similar mechanism as seen in RdRP-presenting
species. Accessibility across the target sites has been shown
to influence the efficacy of siRNA activity (66). Hence, to
test our assumption that SAS chimeric transcripts are in-
volving in regulating their parental genes, we first calculated
the structural accessibility of SAS chimeras using Raccess
software (44). We observed that the structural accessibil-
ity of SAS chimeras is maximal across the length of palin-
dromic sequences, which indicate these regions could po-
tentially be involved in interactions with target sites. For
chimera ID AA541549, one can see that the palindromic
regions span base pairs 160–224 and 253–317 (Figure 4),
and how these can base-pair (Figure 5A), while Figure 5B,
revealing that structural accessibility is highest in these re-
gions. We further analyzed the palindromic sequences of
100 SAS chimeras using LncTar (46) to test if they poten-
tially interact with their parental mRNAs. We identified
77 SAS chimeras that can potentially interact with their
parental genes (above a cutoff of normalized deltaG = -
0.1) (Supplementary Table S4). For detailed understanding,
we represented the interaction of chimera ID AA541549
with its parental mRNA XM 017015217.2 using IntaRNA
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Figure 2. (A) Comparison of 10 bp- and 25 bp-long palindromic sequences in SAS and non-SAS chimeras. (B) Location of palindromic sequences in SAS
and non-SAS chimeras. (C) The most frequently observed palindromic sequence motifs present at the junction regions of SAS chimeras.

(48) (Figure 5C), which revealed that the region spanning
base pairs 221–317 interacts with its parental mRNA (nor-
malized deltaG for LncTar analysis = -0.7371). This por-
tion of the SAS chimera is found within the palindromic
regions and also shows the highest structural accessibility
(as determined from Figure 5A ,B). Finally, RNAup (47)
was used to predict that position in the sequence which
could generate the optimal secondary structure upon inter-
action. Such analysis revealed that 229 to 252 positions, cor-
responding to the intermediate location of the palindromic
regions (160–224 and 253–317) are crucial for generating
the optimal structure upon interaction. Therefore, we spec-
ulate that SAS chimeras with longer palindromic sequences
are important for generating a dsRNA structure, which has
significance in functional regulation.

Analysis of SAS chimeras in RNA-seq data of the Human
Body Map project

In the ChiTaRS database, SAS chimeras were mapped in
RNA-seq data collected from the different cancer cell lines,
with some being expressed in cancers (27–29). However,
their expressions in different human tissues under normal
physiological conditions are not known. Hence, we ana-
lyzed RNA-seq data collected from 16 human tissues as part
of the Illumina Human Body Map project 2.0 (GEO acces-
sion: GSE30611). We were able to map 267 SAS chimeras
in 16 different tissues. Of these, 119 were mapped to more
than one tissue (Figure 6A and Supplementary Table S5).
We observed that tissue-specific SAS chimeras have rela-
tively lower mapping reads than SAS chimeras which are
expressed in multiple tissues. Seventeen SAS chimeras were

mapped in at least 10 different tissues (Figure 6B). Among
these, 11 are produced from mitochondrial genes, including
ATP6, COX3, CYTB, ND2, ND3, ND4 and ND6. Recent
transcriptome profiling of human mitochondria revealed
that mitochondrial genes are transcribed from both strands
and can generate sense-antisense pairs (67). Therefore, there
could be possibilities that the fusion of the sense and anti-
sense transcripts of the same mitochondrial gene might be
necessary for diversifying cellular functions.

To understand the potential functional associations of
SAS chimeras mapped in the RNA-seq data of 16 hu-
man tissues, we analyzed functional characteristics of their
parental genes. For this, we performed gene ontology and
pathway enrichment analyses using ShinyGO v0.61 with a
P-value cutoff of 0.05 (68). The results indicated the involve-
ment of many parental genes in various cellular functions.
The most enriched GO biological processes were response
to organic and inorganic substances, regulation of multi-
cellular organismal processes, cellular localization and cell
death. Molecular function analysis indicated that parental
genes are involved in binding (GO:0005488)-related pro-
cesses, including enzyme binding, protein-containing com-
plex binding, ubiquitin-protein ligase binding, RNA bind-
ing, cell adhesion molecule binding, protein kinase bind-
ing and signaling receptor binding. This implies susceptibil-
ity of the genes to selective, non-covalent interactions with
other molecules. In assessing cellular component GO terms,
extracellular region and cell junction were associated with a
majority of the enriched genes. Analysis of gene enrichment
against the curated Reactome database (69) highlighted the
potential role of these genes in disease, immune systems, cel-
lular responses to stress and metabolism of proteins. Taken
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Figure 3. Distances of the palindromic sequences from the breakpoint junction regions for SAS and non-SAS chimeras where palindromic sequences are
located on both sides of the junction.

Figure 4. Minimum free energy (MFE) secondary structure of a SAS chimeric transcript (Chimera ID: AA541549). Highlighted base-pairing in the figure
represents the palindromic region. The arrow in the figure represents the overlapping junction region.

together, these findings highlight that SAS chimeras could
be important for regulating various cellular functions. Re-
sults of the enrichment analysis are provided in Supplemen-
tary Table S6.

Evolutionary trends in sense-antisense fusion

Most of the recurrent fusion transcripts which are found in
the normal cells could be essential for physiological func-

tions specific to an organism (12). The mechanism of gene
fusion depends on an organism’s genome complexity. One
can check whether such fusion events are beneficial through
the evolutionary selection across species. However, it is dif-
ficult to analyze interspecies divergence at the transcript
level due to several reasons: (i) fusion breakpoints within
a gene can vary between species, (ii) to define a true fu-
sion transcript, we considered the junctions of fusions as
being unique. Therefore, sequence conservation at the fu-
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Figure 5. (A) Base-pairing probability plot of an SAS chimeric transcript (Chimera ID: AA541549). (B) Structural accessibility of the SAS chimera
AA541549. Raccess computed the accessibility of segment [a, b] = [x, x+l-1] in the transcript for all positions x with a fixed length of l (Acc.len) = 5, 10, 20.
In the figure, access energy ([a, b]) is plotted at (x + l/2). (C) Interaction of SAS chimera AA541549 with its parental mRNA (Gene ID: XM 017015217).
The highlighted base-pairs for a given pair of sequences represent the minimal energy of the RNA–RNA interaction that can be formed between the two
RNAs at each sequence position.

Figure 6. (A) The number of SAS chimeras per tissue. (B) The number of reads of SAS chimeras expressed in at least 10 tissues.
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sion junction might be low across different species; (iii) there
may be a lack of orthologous expression, and (iv) if fusion
transcripts are expressed at specific developmental stages
or under stress conditions in an organism, there is a mini-
mal chance of analyzing conservation across species. There-
fore, to enable direct comparison of sense-antisense fusion
events, we identified common genes that can produce SAS
chimeric transcripts across species. We extracted the list of
SAS chimeras and their sequences in different organisms
from the ChiTaRS database (29). We observed that Homo
sapiens and Mus musculus (mouse) conserved 429 parental
genes that can generate multiple SAS chimeras (Supplemen-
tary Table S7). Similarly, we observed 14 conserved parental
genes between Homo sapiens and Sus scrofa (wild boar)
and 16 conserved parental genes between Homo sapiens and
Drosophila melanogaster (fruit fly) that are involved in the
appearance of multiple SAS chimeras in these organisms.
To understand the functions associated with a large num-
ber of conserved parental genes of SAS chimeras in hu-
mans and mice, we performed gene enrichment analysis and
found enrichment for cellular processes, biological regula-
tion and metabolic processes (Figure 7). We speculated that
the formation of these SAS chimeras has functional impor-
tance for both species. Thus, they underwent evolutionary
selection. Further availability of SAS chimeras from differ-
ent organisms and transcriptome profiling of various organ-
isms could provide additional detailed evolutionary insight
into the orthologous expression of SAS chimeras.

Is the appearance of SAS chimeric transcripts a consequence
of trans-splicing or splicing errors?

Trans-splicing of RNAs could generate the chimeric tran-
scripts in cancer, as well as in normal cells (21,70). Re-
cent studies have shown that trans-splicing employs splic-
ing machinery similar to that of alternative splicing (19).
Evidence from recent studies suggested that the U1 snRNP
spliceosome complex promotes trans-splicing in Drosophila
(71) and trypanosomes (72). U1 snRNP has been recog-
nized as an important player for the regulation of alterna-
tive splicing in mammals (73,74). The binding of U1snRNP
to the 5′ splice site promotes initial splicing complex forma-
tion and regulates subsequent spliceosome assembly (75).
Therefore, we tested the hypothesis that U1snRNP regu-
lates trans-splicing in humans, which promotes the gen-
eration of SAS transcripts. To assess whether knockdown
and overexpression of U1 snRNP modulates the differen-
tial expression of SAS transcripts in cells, we downloaded
RNA-seq dataset from Bioproject PRJNA590153 (76). To
generate this dataset, knockdown and over-expression of
U1 snRNP in the HeLa cell line were performed and to-
tal RNA-seq data were collected. These data were down-
loaded (GSE140543) and mapped to the SAS chimeric tran-
scripts. We detected 421 SAS chimeras found in at least
in 50% samples. Among these, 141 SAS chimeras were
detected in all samples from the U1 snRNP knockdown
and overexpression dataset. Next, we performed differen-
tial analysis of SAS chimeras using DEseq2 (77) with a
cutoff P value <0.05 and fold-change >2. We observed
58 significantly up-regulated SAS chimeras, and 18 signifi-
cantly down-regulated SAS chimeras in the over-expression

dataset (Figure 8 and Supplementary Table S8). The large
number of up-regulated SAS chimeras in the over-expressed
U1 snRNP dataset indicates that U1 snRNP could be asso-
ciated with trans-splicing in human cells and play a vital role
in the production of SAS chimeric transcripts.

Alternation of splicing factors is responsible for switch-
ing transcript variants and for the generation of several
oncogenic chimeric transcripts, which can generate cancer
(15,21,78,79). Human Far Upstream Element Binding Pro-
tein 1 (FUBP1) is a key regulator of transcription, transla-
tion and RNA splicing and plays crucial roles in regulat-
ing multiple cellular processes (80). FUBP1 regulates the
landscape of alternative splicing of tumor suppressors and
oncogenes to control neoplastic transformation (81). To un-
derstand whether alternation of FUBP1 expression could
lead to the formation of SAS chimeric transcripts in can-
cer, it is important to correlate dysregulation of the com-
plex splicing processes with SAS chimera levels in cancer.
Mutations in the splicing factor FUBP1 are frequently ob-
served in low-grade glioma (82, 83). To investigate the im-
pacts of FUBP1 mutations on aberrant splicing and gene
expression, we downloaded the RNA-seq dataset from Bio-
project: PRJNA392042 (84). To generate this dataset, the
authors used U87MG, a glioblastoma cell line, in which
they knocked-down FUBP1 (splicing factor) levels using
targeted siRNA and then performed RNA-seq. We down-
loaded the RNA-seq data for U87MG cell line samples,
including three treated with siRNA against FUBP1 and
three treated with a non-specific siRNA, and performed
SAS chimera analysis. We considered those SAS chimeras
found in at least 50% of the samples. We performed the dif-
ferential expression analysis but did not observe any signif-
icant variations in SAS chimeric transcript formation be-
tween FUBP1 knocked down and control cells. We detected
52 SAS chimeras (Supplementary Table S9) from all sam-
ples, 41 of which overlapped with the RNA-seq data from
16 human tissues in the Illumina Human Body Map project,
indicating that these SAS chimeras are part of normal cel-
lular processes. Of the remaining 11 SAS chimeras, we did
not find any unique transcripts in either the siRNA-treated
FUBP1 samples or in non-specific siRNA-treated samples.
This result suggests that unlike other chimeric transcripts,
dysregulation of alternative splicing is less likely to generate
SAS chimeric transcripts. However, a more detailed analy-
sis of different cancer-related datasets with a larger sample
cohort could provide detailed insight into this question.

Characterization of the parental genes of SAS chimeric tran-
scripts in cancer

Chimeric RNAs are characteristic cytogenetic signatures of
many cancers and have been successfully used as biomark-
ers and therapeutic targets (85,86). Several SAS chimeras
available in the ChiTaRS database were mapped to differ-
ent cancer cell lines (29). To understand potential func-
tional implications in cancer, we characterized the func-
tional roles of the parental genes in cancer. Information
about the oncogenic and tumor suppressor activity of the
parental genes was retrieved from the TumorPortal (50) and
CancerMine (51) databases, as well as from PubMed ref-
erences. From the 5180 SAS chimeras, we detected 3262
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Figure 7. Gene enrichment analysis for biological processes of parental genes found to generate multiple SAS chimeras in humans and mice.

unique parental genes. Among these, 471 (14.43%) were
identified as oncogenes, 236 (7.23%) were characterized as
tumor suppressor genes, and 347 (10.63%) had been re-
ported to act as both oncogenes and tumor suppressors, de-
pending upon the context. In total, 271 genes are identified
as cancer-driver genes. The classification of genes as onco-
genes or tumor suppressors, or both, is detailed in Supple-
mentary Table S10. Although mutations in oncogenes or tu-
mor suppressor genes could lead to tumorigenesis, fusions
involving such genes also correspond to an essential class
of cancer-driving events (87). In consulting our dataset of
SAS chimera parental genes (Supplementary Table S10), we
found MYC, EGFR and TP53 to be the top three genes that
can act as both oncogenes and tumor suppressor genes, as
well as cancer-driver genes. In the ChiTaRS database, MYC
was found to generate one SAS chimera, while EGFR can
generate two, and TP53 can generate three such chimera.
Several natural antisense transcripts (NATs) were identified
for MYC (88,89), EGFR (90,91) and TP53 (92,93), which
are involved in the antisense-mediated regulation of these
genes and play pivotal roles in cancer (94). Therefore, it is
possible that trans-splicing could promote the fusion of the
sense and antisense transcripts of the same gene and pro-
duce sense-antisense transcripts. However, it remains un-
known if SAS chimeras originating from these tumor sup-
pressors and oncogenes are associated with cancers.

Analysis of SAS chimeric transcripts in PCAWG
(ICGC/TCGA) breast cancer samples and the MCF-7
breast cancer cell line

To understand if there are potential associations of SAS
chimeras with cancer, we analyzed the case study of breast
cancer. For this, we downloaded RNA-seq data of eight

tumors from breast cancer patients attained by the Pan-
Cancer Analysis of Whole Genomes (PCAWG) project
(52,53). We also downloaded RNA-seq data from the MCF-
7 breast cancer cell line collected by CCLE (54). We thus
identified 91 SAS chimeric transcripts in the RNA-seq data
from the eight different breast cancer patient samples and
81 SAS chimeric transcripts from the MCF-7 breast cancer
cell line (Supplementary Table S11). Next, to assess whether
there are SAS chimeras presenting breast cancer-specific ex-
pression, we compared normal SAS chimeras from the hu-
man body map project and the MCF12A normal breast
cell line (Bioproject: PRJNA491862) and excluded those
SAS chimeras identified in normal samples from the cancer-
specific cell line and tumor data. Using this criterion, we
eliminated 11 SAS chimeras from the MCF-7 cell line and
15 SAS chimeras from the tumor data. The number of
mapped SAS chimeras depends on the quality of the RNA-
seq data, such as read lengths and total reads per sam-
ple. As SAS chimera expression levels are low, it is possible
that these could not be mapped in the RNA-seq data when
shorter read lengths and lower numbers of total reads were
involved.

To define breast cancer-specific SAS chimeras, we first
selected SAS chimeras found to be expressed in both pa-
tient samples and in the MCF-7 breast cancer cell line.
In this manner, we were able to identify 30 SAS chimeras
that are present in both patient samples and MCF-7 cell-
line. Although these SAS chimeras were not detected in
normal samples, we nonetheless employed a more strin-
gent criterion to further rule out the possibility of these
chimeras being involved in normal physiological functions.
For this, we excluded SAS chimeras whose parental genes
were found to generate other SAS isoforms in normal sam-
ples. Using this criterion, we found only five SAS chimeras
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Figure 8. Hierarchical clustering with Euclidean distances of differentially expressed SAS chimeras in U1 snRNP knockdown and overexpressed samples
in the HeLa cell line.

uniquely expressed in the MCF-7 breast cancer cell line
and in tumors from breast cancer patients. The parental
genes of these five SAS chimeras are EEF1A1P5, RPL30,
SLC39A6, PPIA and ND5. Previous studies demonstrated
that Zinc transporter LIV-1 (SLC39A6) is present in higher
amounts in estrogen receptor-positive breast cancers, and it
is positively associated with metastasis to regional lymph
nodes (95). We found the expression of a SAS chimera

(Chimera ID: BE166679) produced from the SLC39A6
gene in the MCF-7 breast cancer cell line and one breast
cancer patient sample but not in normal breast tissue or the
MCF12A normal breast cell line. Therefore, the expression
of this SAS chimera could be associated with breast can-
cer. Detailed analysis of SAS chimeras in different cancers is
needed to understand their potential regulatory roles in this
disease.
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Mapping of SAS chimeras in nanopore direct RNA-
sequencing data argues against these chimeras being RT-
PCR artifacts

The recently developed technique of nanopore direct RNA-
sequencing is a revolutionary approach by which native
RNA can be sequenced directly, without the need for PCR
amplification (96,97). The main advantage of this approach
is that it eliminates any RT-PCR-based bias, which could
introduce errors in the sequencing data generated by con-
ventional RNA-seq methods (98). Therefore, the detect-
ing of SAS chimeras in the direct RNA-sequencing data
further supports the claim that these are not artifacts or
sequencing errors. Still, the nanopore sequencing data is
plagued by a high error rate (∼14%) (99). Therefore, there
remains the chance that several chimeras could be missed
due to the higher sequence identity and high mapping qual-
ity in the alignment of chimeric junction sequences re-
quired for chimeric transcript identification. Nonetheless,
there is still high confidence that those chimeras detected
in the nanopore direct RNA-seq data with higher sequence
identity and high mapping quality are true chimeric se-
quences. With the aim of detecting only high-quality SAS
chimeras, we downloaded direct RNA-seq data for the
human GM12878 cell line (100). We then modified our
pipeline used for SAS chimera detection in the nanopore
long-read RNA-seq data. For this, we used minimap2 (101)
instead of bowtie2, as the minimap2 algorithm is efficient
for aligning long-read sequences. As expected, we detected
only five SAS chimeras by this process (Supplementary
Figure S1). Of these, two (Chimera ID: BP417791 and
HY093779) presently significant high read counts in the
junction sequence. Both of these SAS chimeras are gener-
ated from the IGK (Immunoglobulin Kappa Locus) gene
with distinct junction sequences. To further confirm these
SAS chimeras, we conducted a BLASTn search of the
junction sequences of these two SAS chimeras against the
nanopore FASTQ reads. The individual reads in which the
junctions of these two SAS chimeras aligned with >90% se-
quence identity were then extracted for downstream anal-
ysis. We found 17 reads for SAS chimera BP417791 and
three reads for HY093779. Next, a BLASTn search was
performed with the extracted FASTQ reads against the hu-
man transcriptome database to further confirm that these
reads do not belong to any known human transcript. Fi-
nally, UCSC-BLAT (102) analysis was performed to con-
firm that the reads are involved in chimera organization in
the sense and antisense directions (Supplementary Figure
S1). For these two SAS chimeras, we observed the reads
to be mapped in both the sense and antisense directions.
These findings argue that sense-antisense chimeras are not
RT-PCR-derived artifacts.

DISCUSSION

Bidirectional transcription has become recognized as more
common in mammalian genomes than was initially thought
(103). Evidence from global transcriptome analysis demon-
strated that a large proportion of the genome could
produce transcripts from both strands (104). The an-
tisense transcript of a bi-directionally transcribed gene

was shown to be involved in the epigenetic regulation
of gene expression via degradation of the correspond-
ing sense transcripts (105). Therefore, bidirectional tran-
scription can regulate both transcriptional gene activation
and suppression in response to various intrinsic and ex-
trinsic cellular signals. However, the mechanism of regu-
lation needed to maintain the expression of both sense
and antisense transcripts remained poorly defined. Fu-
sion of the sense-antisense strands of the same gene was
first observed in prostate cancer cells, where transcripts
from both strands of the KLK4 gene formed a chimera
(18). Subsequently, with the release of the ChiTaRS-2.1
database (27), several sense-antisense chimeras were identi-
fied as a novel subset of fusion transcripts. Sense-antisense
fusion is an evolutionarily conserved phenomenon, and
numerous SAS chimeras have been detected in humans,
mice and fruit flies (27). However, the expression of SAS
chimeras in human cells and their potential roles remain
uninvestigated.

In the current study, we analyzed the latest dataset of
curated human SAS chimeras from ChiTaRS 5.0 (29) and
found that SAS chimeras contain longer palindromic se-
quences compared to non-SAS chimeras. Predictions of
the secondary structure of these chimeric SAS RNAs re-
vealed the presence of a hairpin-like structure along the
length of the palindromic region, which could be essential
for converting the single-stranded chimeric RNAs into dsR-
NAs. The existence of natural dsRNAs, which are poten-
tially involved in regulatory functions, such as post-mitotic
changes, apoptotic alterations and antiviral signaling, has
already been described in humans (63,106). Furthermore,
predictions of protein-coding abilities supported that >85%
of SAS chimeras are lncRNA transcripts. LncRNAs that
form extended intramolecular hairpins might be processed
into siRNAs and participate in siRNA-mediated gene reg-
ulation (107,108). We hypothesize that the palindromic se-
quences of SAS long non-coding RNA transcripts are im-
portant for generating the hairpin structure, leading to the
formation of dsRNAs, which might play a similar role as
siRNA-mediated gene regulation. Further, we assume that
as SAS chimeric transcripts are generated from the fusion
of sense and antisense strands of the same gene, such tran-
scripts could be involved in regulating the expression of
parental genes in response to different cellular conditions.
To test this assumption, we analyzed RNA–RNA interac-
tions between SAS long non-coding transcripts and their
parental mRNAs, based on free energy minimization. We
found that 77 of our list of top 100 SAS chimeras presenting
longer palindromic sequences significantly interacted with
their parental mRNA (Supplementary Table S4). Hence,
our study suggests that SAS chimeras are important for
maintaining the co-expression of sense and antisense tran-
scripts in the same cell and potentially involved in repres-
sion and activation of gene expression in a manner that de-
termines cellular responses.

Analysis of RNA-seq data from 16 different healthy hu-
man tissues revealed the expression of several SAS chimeric
transcripts in more than one tissue. This finding indicates
putative association of SAS chimeras in normal physio-
logical processes. In addition, evolutionary analysis of the
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sense-antisense fusion across species identified several com-
mon genes that can produce SAS chimeric transcripts in hu-
mans, mice, fruit flies and pigs. This result indicates that the
formation of SAS chimeras from certain genes could be evo-
lutionarily beneficial as they underwent evolutionary selec-
tion in those organisms to generate functional diversity in
response to various cellular conditions. Several evolution-
ary conserved sense-antisense gene pairs between human
and mouse were reported in the earlier study and suggested
that bidirectional transcription have a significant effect on
vertebrate genome evolution (30). For each gene in the
sense-antisense pair, its evolution is restricted not only by
sequence features but also by encoded functional features.
Therefore, selection has favored sense-antisense fusion as an
important mechanism to regulate the co-expression of the
sense-antisense gene pairs. Sense-antisense fusions are evo-
lutionary dynamic, and this process could allow cells to get
the most from limited genetic information in adapting to
various physiological conditions.

Next, to verify that the generation of SAS chimeras were
not RT-PCR-based artifacts, we mapped these chimeras
in the publicly available nanopore direct RNA-sequencing
data from the GM12878 cell line. We detected two highly
expressed SAS chimeras that can be mapped to several un-
mapped FASTQ reads with very high quality and high se-
quence identity. This finding suggests that the chimeras are
not the result of RT-PCR-derived artifacts or sequencing
errors. Furthermore, we confirmed that bias was not intro-
duced when the SAS chimeras mapped in the various RNA-
seq data were analyzed using our in-house pipeline. For
this, we downloaded RNA-seq data of the LN-229 cell line
from the NCBI-GEO database (SRR10342173) (109) and
mapped SAS chimeras using both STAR aligner (110) and
our in-house pipeline. We thus detected 53 SAS chimeras us-
ing STAR and 43 SAS chimeras using our in-house pipeline
(Supplementary Table S12). We found 28 common SAS
chimeras identified by both STAR and our pipeline. Most
of the highly expressed SAS chimeras were detected by
using our in-house pipeline were also detected by STAR.
It would thus appear that SAS chimera identification is
not due to bias introduced by the mapping algorithms
used.

In summary, the findings reported here elucidate sev-
eral interesting aspects of SAS chimeric transcripts. More-
over, our results support that U1 snRNP could be the
potential splicing factor behind the trans-splicing in hu-
mans as with their knockdown and overexpression, SAS
chimeras are found to be differentially expressed. Our
study also raised several interesting questions that can pro-
vide new insight into biological regulation. One of the
most important questions is whether SAS chimeric tran-
scripts reflect normal or aberrant gene transcription. For in-
stance, one can ask if SAS chimeric transcripts are products
of dysregulation of normal transcriptional and/or splic-
ing processes. If so, understanding the underlying mech-
anisms that mediate the formation of SAS chimeras is
needed. It is also important to know why specific genes pro-
duce SAS chimeric transcripts and why some are tissue-
specific. Definitive answers to these questions are still not
available, with more advanced experimental studies being
needed.

CONCLUSION

Our study provides detailed insight into the expressions of
SAS chimeras in human cells and identified potential reg-
ulatory features. We found that most of the SAS chimeras
were annotated as lncRNAs and proposed that such tran-
scripts could potentially involve in regulating gene expres-
sion. Palindromic sequences are located within the junc-
tion sites of most SAS chimeras, where they could gen-
erate a hairpin-like structure and lead to the formation
of dsRNA, which raises the possibility of their interfering
with gene expression. Additionally, significant interactions
of SAS chimeras with their parental mRNAs were found,
which supports their potential regulatory role. Finally, the
expression analysis of various SAS chimeras in different hu-
man tissues and expression of their orthologs in mice high-
lights their importance in the functional regulation of nor-
mal physiological processes. Further functional validation
based on our findings could open novel directions for un-
derstanding SAS chimera-mediated gene regulation in var-
ious physiological and pathological conditions.
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