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Abstract 

Background Circular RNAs (circRNAs) are a class of non-polyadenylated RNAs generated from back-splicing of genes. 
Multiple circRNAs can be generated at a single gene locus through alternative back-splicing events (ABS), sharing 
the same 5’ or 3’ back-splice site. To date, how prevalent ABS events are and how they are participated in carcinogen-
esis of human colorectal cancer (CRC) remains unexplored.

Methods To explore the functional roles of ABS events in CRC carcinogenesis, we analyzed ribosomal RNA-depleted 
transcriptome sequencing data of 176 CRC samples and characterized the landscape of ABS events in CRC. CRC 
cancer-related ABS events were identified by comparing paired CRC tumor tissues and adjacent normal tissues. Then, 
univariate and multivariate Cox regression was used to find prognostic ABS events. Moreover, in vitro and in vivo 
assays were used to exploring the functional roles of circXPO1-1 and circXPO1-2 in CRC.

Results We totally identified 19,611 high confidence circRNAs in CRC, among which 17,874 (91·1%) of circRNAs were 
found recurrently. The number of ABS circRNAs accounted for 68.8% of all identified high confidence circRNAs, which 
suggested that ABS events are prevalent in CRC transcriptome. Particularly, 552 ABS circRNAs were found to be aber-
rantly expressed between paired CRC tumor tissues and adjacent normal tissues, and their parent genes are closely 
associated with cancer-related hallmarks. In addition, 13 differential ABS circRNAs were identified to be associated 
with CRC patient survival and could act as independent prognostic indicators. Furthermore, we identified two ABS 
circRNAs of XPO1 gene (circXPO1-1 and circXPO1-2). The result showed that overexpression of circXPO1-2 inhibited CRC 
cell proliferation, migration, and invasion in vitro and in vivo, whereas circXPO1-1 is not, indicating that the circulariza-
tion isoforms of XPO1 gene have different functions in CRC.

Conclusions In conclusion, our work provides the landscape of ABS events in CRC transcriptome and the close asso-
ciation of ABS circRNAs with tumorigenesis offers a new set of targets with potential clinical benefit.
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Background
Circular RNAs (circRNAs) are a class of endogenous 
and covalently closed RNAs formed by non-sequential 
back-splicing from pre-mRNAs [1, 2]. Thanks to the 
recent advances in next-generation sequencing tech-
nologies, circRNAs have become widely identified in 
human samples, which largely expanded the transcrip-
tome complexity [3–7]. CircRNAs are mainly pro-
duced from spliceosome-mediated pre-mRNA splicing 
wherein a downstream 5′ splice site (splice donor) is 
joined to an upstream 3′ splice site (splice acceptor). 
In general, circRNAs are more stable than the linear 
RNA isoforms derived from the same host gene [8, 
9]. Increasing researches showed that circRNAs play 
critical roles in different biological and pathophysi-
ological conditions, through modulating transcription 
and splicing, regulating mRNA stability and transla-
tion, or serving as templates for translation etc. [2, 10]. 
The functions of circRNAs in regulating cell prolifera-
tion, epithelial-mesenchymal transition (EMT), tumor 
metastasis, and drug resistance provide the rationale 
for anticancer therapy [11–15].

Previous works have documented that a single gene 
locus can produce diverse circRNA isoforms through 
alternative back-splicing [6, 16]. It is a circularization 
mechanism associated with the competition of inverted 
complementary sequences cross introns that bracket 
the circRNA-forming exons. In theory, there are two 
types of ABS events, alternative 3 back-splicing (A3BS) 
and alternative 5 back-splicing (A5BS) events. In the 
A3BS event, A3BS circRNAs share the same down-
stream 5’ back-splice site, whereas circRNAs have the 
same upstream 3’ back-splice site in A5BS events [16]. 
Thus, circRNA repertoires are largely expanded though 
ABS events. However, few works have comprehensively 
analyzed the ABS events and their detailed functions 
are still largely unknown, especially in human cancers.

In this work, we systematically profiled and charac-
terized the landscape of ABS events in CRC based on 
rRNA-depleted RNA-seq data. The result showed that 
ABS events are prevalent in human CRC transcrip-
tome, and their parent genes are closely associated with 
cancer-related hallmarks. We identified several CRC-
related ABS circRNAs and investigated their asso-
ciations with CRC clinical outcomes. Furthermore, we 
identified two ABS circRNA isoforms of XPO1 gene, 
circXPO1-1 and circXPO1-2, which have different 
expression and function patterns. Taken together, our 
work identified the widespread CRC-related ABS circR-
NAs and provided a valuable resource for depicting the 
biogenesis and progression of CRC.

Methods
Human subjects and data collection
A total of 78 tumor human CRC and corresponding 
benign adjacent samples were acquired from the Depart-
ment of General Surgery, the First Affiliated Hospital of 
Soochow University (Suzhou, China) with informed con-
sent and this study was conducted following approval 
by the ethical committee of the First Affiliated Hospi-
tal of Soochow University. Subsequently, we collected 
three additional datasets from the NCBI SRA database 
(SRP158734, SRP291797) and National Genomics Data 
Center (PRJCA001113), including 88 tissue samples for 
further analysis. The details of the datasets used in this 
study were listed in Additional file  2: Table  S1. In total, 
126 primary tumors and 50 adjacent normal tissue sam-
ples were curated, and all corresponding RNA-seq data 
were generated from the Illumina sequencing platform 
(rRNA-depleted RNA-seq with PE150 library).

RNA isolation and sequencing
Total RNA of 88 CRC patient samples were extracted 
using RNeasy Mini Kit (Qiagen, Germany) in accordance 
with the manufacturer’s protocol. RNA integrity was 
verified using Agilent Bio-analyzer 2100 (Agilent Tech, 
CA, USA). Complementary DNA was synthesized from 
2 µg of total RNA by utilizing Superscript III and random 
primers. For each sample, ribosomal depleted library was 
constructed using Illumina’s TruSeq Total RNA Library 
Prep Kit with Ribo-Zero. End-repair and adaptor liga-
tion were performed in accordance with the manufactur-
er’s protocols. Library quality was approved by assaying 
libraries on an Agilent 2100 Bioanalyzer of product size 
and concentration. Then, RNA-seq data were generated 
based on Illumina Nova-Seq 6000 platform.

Identification of circRNAs and ABS circRNAs
First, the quality of raw RNA-seq data was evaluated 
using Fastp v0.20.1 software [17] (https:// github. com/ 
OpenG ene/ fastp), and all obtained clean reads were 
qualified for downstream analysis. Second, we used the 
CIRIquant pipeline [3] to identify circRNAs based on 
rRNA-depleted RNA-seq data. CIRIquant provides 
more accurate expression values for circRNAs with sig-
nificantly reduced false discovery rate by constructing 
a pseudo-circular reference for re-alignment of RNA-
seq reads. RNA-seq reads for each sample were firstly 
mapped to the hg38 human reference genome with the 
GENCODE gene annotation v34 by Hisat2 [18] (Version 
2.2.0). Then, the unmapped reads were re-aligned to the 
pseudo reference of circular sequences, which is gener-
ated by repeating whole length of back-spliced region 
twice using Hisat2. The reads aligned to the back-spliced 
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junction sites were used to calculate circRNA junction 
ratio and evaluate differential expressed circRNAs. Third, 
we further used CIRCexplorer2 [6] to determine the ABS 
circRNAs and ABS events. CIRCexplorer2 is a system 
which comprehensively deciphers the alternative back-
splicing/splicing pattern of circRNAs.

An ABS event is defined as a group of circRNAs that 
share the same 5’ back-splice site or 3’ back-splice site 
according to the genomic coordinates of the circRNAs. 
We first defined high-confidence circRNAs as the cir-
cRNAs with ≥ 0·1 RPM in at least one sample. Then a 
high-confidence ABS event was defined a group of two 
or more high-confidence circRNAs that sharing a same 
back-splice site. In this study, we mainly focused on those 
high-confidence ABS circRNAs and high-confidence 
ABS events.

Alu repeats in introns
The annotation file of Alu repeats was downloaded from 
the UCSC Browser RepeatMasker track. Positions of Alu 
repeats were intersected with the flanking intron regions 
of circRNAs or random introns.

Identifying CRC tumor‑specific ABS circRNAs
To systematically evaluate ABS circRNAs associated with 
CRC, we calculated the Percent Circularized-site Usage 
(PCU) value for each ABS circRNA. PCU was defined as 
the ratio of the number of back-splice junction reads of 
each circRNA to the total number of back-splice junction 
reads of all ABS circRNAs sharing the same back-splice 
site. Then, we computed the difference of PCU values 
(ΔPCU) for each high-confidence ABS circRNA between 
paired CRC tumor and normal tissues. The ABS circR-
NAs with |ΔPCU|> 0·1 and P-value < 0·05 (Student’s t 
test) were considered as CRC tumor-specific.

Construction splicing factor and ABS circRNA 
dysregulation network
A catalogue of 67 annotated splicing factors (SFs) was 
retrieved from the previous report [19]. Spearman corre-
lation coefficients (ρ) between the expression level of SFs 
and the PCU values of ABS circRNAs were calculated. 
Then, SFs and ABS circRNAs with absolute ρ values > 0·5 
and P-value < 0·05 were considered to be significantly 
correlated. The dysregulation network was built and visu-
alized by Cytoscape (version 3.6.1).

Functional enrichment analysis
The parent genes were extracted from corresponding 
circRNAs to detect their functional implications. A hall-
mark gene set was downloaded from the MsigDB data-
base [20], which summarizes and represents specific 
well-defined biological states or processes. These 50 

biological processes are closely related to the hallmarks of 
cancer containing a total of 7,321 genes. The enrichment 
analysis was performed using the clusterProfiler package 
(version 3.12.0) [21] using the threshold of P-value < 0·05. 
For Gene Set Enrichment Analysis (GSEA), all parent 
genes of ABS circRNAs with ranked ΔPCU values were 
used. Additionally, oncogenes and tumor suppressor 
gene lists were obtained from the NCG database [22].

Survival analysis
The survival analysis was performed based on the clini-
cal information of our cohort. Univariate Cox regression 
followed by multivariate analysis was performed based 
on overall survival to determine independent prognostic 
factors. For each DE ABS circRNA, CRC patients were 
divided into two groups based on the PCU values, and 
the two-category was modeled as continuous variables to 
obtain a hazard ratio (HR). Kaplan–Meier analysis with 
a log-rank test was used to compare patients’ survival 
between subgroups.

Cell culture, RNA isolation, gDNA extraction and qRT‑PCR
Human CRC cell lines (SW620 and LoVo) were obtained 
from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). All these cells were cultured in 
DMEM (Dulbecco’s modified Eagle’s medium) with 10% 
FBS (fetal bovine serum), 50 U/mL penicillin and 0·1 mg/
mL streptomycin at 37 °C with 5%  CO2. All cells were 
negative for mycoplasma contamination.

Total RNA of cell lines and tissues was extracted using 
RNApure Tissue&Cell Kit (DNase I) (CoWin Biotech Co., 
Ltd.) according to the manufacturer’s protocol. Comple-
mentary DNA was synthesized using 500 ng total RNA as 
template in a final volume of 10 μL using the PrimeScript 
RT reagent kit (TaKaRa, Japan). Genomic DNA (gDNA) 
was extracted from cultured cells using the FastPure Cell/
Tissue DNA Isolation Mini Kit (Nanjing Vazyme Bio-
tech Co.,Ltd.) according to the manufacturer’s protocol. 
The qRT-PCR was conducted using 0·25 μL of the cDNA 
solution in a final volume of 20 μL with SYBR Premix Ex 
Taq (Transgene) in 7600 Real-Time PCR System (Applied 
Biosystems). GAPDH was used as an internal control. All 
primers used in this study were listed in Additional file 2: 
Table S10.

RNA isolation of nuclear and cytoplasmic fractions 
and RNase R treatment
The subcellular localization of circXPO1-1 and 
circXPO1-2 were investigated using a Nuclear and Cyto-
plasmic Protein Extraction Kit (Beyotime Biotechnology) 
plus with RNase inhibitor, Trizol reagent, a modified pro-
tocol for RNA isolation. RNase R treatment was executed 
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at 37 °C with 4U/μg of RNase R (Epicentre Biotechnolo-
gies, Madison, WI, USA) for 30 min.

FISH assay
Cy3-labelled circXPO1-1 and Cy3-labelled circXPO1-2 
probes were designed and synthesized. A Fluorescent 
In Situ Hybridization Kit (Guangzhou RiboBio Co., Ltd.) 
was used to detect the probe signals in LoVo cells accord-
ing to the manufacturer’s protocol. Cell nuclei were 
stained with 4,6-diamidino-2-phenylindole (DAPI). All 
images were photographed under the LSM880 confocal 
microscope system (Carl Zeiss).

Plasmids and cell transfection
For circXPO1-1 and circXPO1-2 overexpression, the 
sequence of exon 3, 4, 5 and exon 2, 3, 4, 5 from tran-
script ENST00000680228 were synthesized and cloned 
into GV727 vector (Shanghai Genechem Co., LTD.), 
respectively. Then, the GV727, GV727-circXPO1-1 and 
GV727-circXPO1-2 vectors were transfected into SW620 
and LoVo cells using Lipofectamine 2000 (Invitrogen, 
USA).

Cell proliferation and colony formation assays
The effects of circXPO1-1 and circXPO1-2 on the cell pro-
liferation were tested with Cell Counting Kit-8 (Dojindo 
Laboratories, Kumamoto, Japan). Cells were seeded at a 
density of 1000 cells/well in 96-well plates. After added 
10 μL CCK-8 solution, cells were incubated for 2 h at 37 
°C. Then the absorbance at 450 nm was measured. Each 
measurement was performed in triplicate. For the colony 
formation assays, cells were harvested and seeded in 
6-well plates at a density of 600 cells per well. After 14 
days, colonies were fixed with 4% neutral formalin and 
stained with crystal violet, and then imaged using an 
IX73 inverted microscope (Olympus, Japan).

Cell migration and invasion assays
To test the effects on migration and invasion of CRC 
cells, the transwell chambers were used. Eighty thousand 
LoVo or SW620 cells were suspended in 100 μL DMEM 
and were seeded in the top chamber with (migration) or 
without (invasion) Matrigel-coated membrane (pore size, 
8 μm) (BD Biosciences, USA). The lower chambers were 
filled with DMEM containing 20% FBS. After 36 h incu-
bation, cells that did not migrate through the pores were 
removed with a cotton swab. The remaining cells were 
fixed, stained with crystal violet and counted in random 
five fields. All experiments were performed in triplicate.

Animal experiments
Tumorigenesis in nude mice was performed as described. 
Briefly, five weeks old female nude mice were injected 
with LoVo cells stably transfected with control or 
circXPO1-1/2 over-expression plasmids. Tumor volume 
was measured with calipers at the site of injection weekly 
(V = 0.5*length*width^2). The tumors were obtained and 
weighted 4  weeks after the injection. All experimental 
procedures were approved by the Ethics Committee of 
Xuzhou medical University.

RNA‑seq analysis of overexpression of circXPO1‑2
Trizol reagent was used to extract total RNAs from LoVo 
cells transfected with control vector or circXPO1-2 over-
expression vector. Three biological replicates were avail-
able for each group. Libraries were constructed using 
NEBNext® UltraTM RNA Library Prep Kit for Illumina® 
(NEB, USA) following manufacturer’s recommendations 
and then subjected to Nova-Seq 6000 platform. RNA-seq 
raw data were cutadapter and filtered by Fastp v0.20.1 
[17]. Then, all obtained clean reads were assembled to 
human genome (hg38) by Hisat2 [18] and gene expres-
sion level was evaluated by stringtie v2.1.2 [23]. The 
difference in gene expression between circXPO1-2 over-
expression and control cells was assessed by edgeR [24]. 
P-value < 0·05 was considered to be statistically signifi-
cant. GSEA analysis was performed based on the genes 
ranked according to their difference between above two 
groups.

Statistical analysis
All statistical analysis and figure plotting in this study 
were performed using R software (version 3.6.1). Addi-
tionally, all statistical tests with a P-value < 0·05 were 
considered to be significant, unless indicated otherwise 
mentioned.

Results
The characteristics of circRNAs in CRC transcriptome
At first, we performed ribosomal RNA-depleted RNA-
seq in 88 CRC samples, including 78 primary CRC 
tumors and 10 corresponding adjacent benign samples. 
To systematically characterize the circRNA landscape 
in CRC, we also aggregated ribosomal RNA-depleted 
RNA-seq from three additional CRC cohorts [25–27]. 
Totally, 126 primary CRC tumors and 50 adjacent benign 
samples were curated in this study (Fig.  1a, Additional 
file  2: Table  S1). All data were generated by Illumina 
next sequencing platform (PE150 library) and the raw 
data were processed through our in-house bioinformatic 
pipeline. After removing low-quality reads, the obtained 
clean reads were qualified for downstream analysis, with 
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an average of 91.1 million reads per sample (Additional 
file  2: Table  S2, S3). To evaluate the batch effect of col-
lected data, we analyzed the expression distribution of all 

expressed transcripts in these four datasets. The similar 
distribution of expressed transcripts and the strikingly 
high expression correlation of 553 housekeeping genes 

Fig. 1 General characteristics of circRNAs and ABS circRNAs in human CRC tissue transcriptomes. a Overview of ABS circRNAs profiling identified 
by rRNA-depleted RNA-seq. b Numbers of unique and recurrent circRNAs in all CRC samples. Unique circRNAs: identified in only one sample. 
Recurrent circRNAs: identified in at least two samples. Exon-matching: annotation of circulated exon exactly matched with linear counterpart. 
Non-exon-matching: annotation of circulated exon did not matched with linear counterpart. c Venn diagram demonstrating the intersection set 
of identified high confidence circRNAs and circBase-annotated circRNAs. d The number of circRNAs proportionally increases with the exon number 
of linear counterparts. e Oncogenes and tumor suppressor genes with more circRNAs (Fisher’s exact test, P-value < 0·05). Oncogenes and tumor 
suppressor gene lists are obtained from NCG database. f Schematic diagrams of two types of alternative back-splicing. A3BS: circRNAs sharing 3’ 
back-splice site. A5BS: circRNAs sharing 5’ back-splice site. g Bar plot showing the number of ABS events and parent genes from CRC transcriptome 
according to the ABS event types. h Proportions of different ABS event types in CRC tumor and adjacent normal samples. i Comparison of circRNAs 
expression levels of different ABS event types. j The distribution of Pearson correlation coefficients (PCC) between circRNA abundance and their 
parent gene expression across all ABS event types



Page 6 of 18Ning et al. Journal of Translational Medicine          (2025) 23:468 

among these four datasets revealed an acceptable batch 
effect for further analysis (Additional file 1: Fig S1).

Next, we applied CIRIquant software [3] to identify 
circRNAs. In total, 303,667 circRNAs were identified, of 
which 63·2% were generated from exon regions. More 
than 58% of all circRNAs were only found in one sample 
(Fig. 1b). To obtain a reliable set of circRNAs, we defined 
circRNAs with ≥ 0·1 RPM in at least one sample as high-
confidence, and about half (49·4%) of 19,611 high-con-
fidence circRNAs were annotated in circBase database 
(Fig.  1c). As expected, the expression levels of newly 
identified circRNAs were lower than circRNAs anno-
tated in circBase database (Additional file 1: Fig S2a). A 
subset of circRNAs that could be consistently detected 
in > 80% samples had relatively higher expression abun-
dance (Additional file  1: Fig S2b). We next examined 
the expression correlation between circRNAs and their 
parent genes. The result showed that their correlations 
were relatively very low (the average Pearson Correlation 
Coefficient, R = 0·09). However, the highly expressed cir-
cRNAs (detected in > 80% samples) have higher expres-
sion correlation with their parent genes (Additional file 1: 
Fig S2c, the average R = 0·28).

Moreover, multiple circRNAs can be generated from 
the same gene locus. The more exons a gene has, the 
more circRNA it can produce (Fig.  1d). The number of 
circRNAs generated from oncogenes or tumor sup-
pressor (TS) genes was significantly higher than other 
genes (Fig.  1e), suggesting that these circRNAs may be 
involved in tumorigenesis. To further examine differen-
tially expressed circRNAs, the expression difference of 
circRNAs was compared between CRC tumor and adja-
cent normal tissue samples (Additional file 1: Fig S2 d, e). 
Among those 1992 dysregulated circRNAs, the majority 
circRNAs (> 92%, 1841) were down-regulated in CRC 
tumor samples. GSEA enrichment analysis was per-
formed on the parent genes of those dysregulated circR-
NAs. The result showed that they were over-represented 
in cancer-related categories, such as PI3 K-AKT signal-
ing pathway, Calcium signaling pathway, MAPK signaling 
pathway, cAMP signaling pathway, Rap1 signaling path-
way, cGMP-PKG signaling pathway, Ubiquitin mediated 
proteolysis (Additional file 1: Fig S2f ).

The prevalence of ABS events in CRC samples
CIRCexplorer2 software [6] was employed to identify 
ABS circRNAs. According to the 5’ back-splice sites and 
3’ back-splice sites of circRNAs annotated by CIRCex-
plorer2 software, ABS events that shared 5’ or 3’ back-
splice sites (A5BS and A3BS) (Fig.  1f ) were identified 
(see Materials and Methods), respectively. At last, we 
totally identified 7142 ABS events (containing 13448 
high-confidence ABS circRNAs) in CRC samples, which 

accounts for 68·8% of all identified circRNAs (Fig.  1g), 
suggesting that ABS events are widely prevalent in CRC 
samples. Obviously, there are more A5BS events than 
A3BS events in CRC samples (3719 vs. 3423 for A5BS 
and A3BS events, respectively, Chis-squared test P-value 
= 8·0 ×  10–7), which indicates that A5BS events are more 
prevalent than A3BS events. Furthermore, we found that 
4,286 circRNAs participated in both A5BS and A3BS 
events, which accounts for 31·9% of all ABS circRNAs. 
It indicated that A3BS and A5BS events often shared 
the same circRNAs. The proportion of ABS circRNAs 
in CRC tumors was higher than adjacent normal tissue 
samples (Wilcoxon rank sum test P-value = 8·2 ×  10–11, 
Fig. 1h). Moreover, both A3BS and A5BS circRNAs have 
higher expression levels than other circRNAs (Wilcoxon 
rank sum test P-value < 2·2 ×  10–16 and < 2·2 ×  10–16 for 
A3BS and A5BS, respectively, Fig.  1i), and both A3BS 
and A5BS circRNAs have significantly higher expression 
correlation with their corresponding parent genes (Wil-
coxon rank sum test P-value = 7·6 ×  10–10 and 5·7 ×  10–21 
for A3BS and A5BS, respectively, Fig. 1j).

We randomly selected six A3BS circRNAs (cir-
cASH1L-1, circASH1L-2, circETNK1-1, circETNK1-2, 
circPICALM-1 and circPICALM-2) and six A5BS circR-
NAs (circARHGAP5-1, circARHGAP5-2, circCDK13-1, 
circCDK13-2, circPTK2-1 and circPTK2-2) for experi-
mental validation. Sanger sequencing was performed 
to confirm the alternative back-splice sites of A3BS and 
A5BS events after RT-PCR with divergent primers. We 
found that these ABS events exist in several colorectal 
cancer cell lines (Fig. 2).

To further examine the genomic features of ABS cir-
cRNAs, we analyzed the usage of splice sites and the 
number of exons for each circRNA. First, circRNAs were 
produced almost invariably through splicing at canoni-
cal splice sites and arose equally from all exons, except 
those exons that flank gene boundaries (Additional file 1: 
Fig S3a). A3BS circRNAs had no preference in the front 
regions of genes, whereas A5BS circRNAs were less pro-
duced from back regions of genes (Additional file 1: Fig 
S3a). The result showed that the majority of circRNAs 
contain multiple exons, most commonly spanned two to 
four exons (55·8% of all circRNAs, Additional file 1: Fig 
S3b). Moreover, ABS circRNAs are likely to contain more 
exons than other circRNAs (Additional file  1: Fig S3b, 
ANOVA analysis P-value < 2·2 ×  10–16), and the length of 
ABS circRNAs is much longer (Additional file 1: Fig S3c).

To explore the functional implications of ABS events, 
we download functional circRNAs from CircFunBase 
database [28], which is a web-accessible database that 
aims to provide manually curated high-quality functional 
circRNAs. The percentage of functional circRNAs in ABS 
circRNAs (791 of 13,448) was significantly higher than 
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other circRNAs (246 of 6163) (Fisher exact test P-value 
= 2·38 ×  10–8), suggesting that ABS circRNAs were more 
preferential to be functional. Additionally, KEGG enrich-
ment analysis was performed based on their parent 
genes. The result showed that genes harbored A3BS and 
A5BS events are over-represented in almost similar path-
ways, like Endocytosis, Regulation of actin cytoskeleton, 
Proteoglycans in cancer, Protein processing in endoplas-
mic reticulum and Ubiquitin mediated proteolysis (Addi-
tional file 1: Fig S3 d).

The complexity of ABS events in CRC 
We next examined the complexity of ABS events in CRC 
transcriptome. The ABS event complexity is defined by 
the number of circRNAs belonging to a specific ABS 
event (Fig. 3a). Therefore, ABS events were divided into 
two categories based on the complexity (low complexity 

category = 2 and high complexity category > 2). As shown 
in Fig. 3b, most ABS events had low complexity contain-
ing only two circRNAs (n = 4939, 69·2%), and a subset 
of ABS events even contain more than five circRNAs (n 
= 105, 1·5%). It seems that the complexity of A5BS events 
was higher than A3BS events (Fig. 3b, Chis-squared test, 
P-value < 2·2 ×  10–16). The result showed that ABS events 
are over-represented in tumor suppressor genes and 
oncogenes (Fig. 3c). Figure 3d lists the oncogenes/tumor 
suppressor genes containing ABS events (ABS event 
complexity > 5). It has been documented that PICALM 
gene plays important role in promoting CRC progression 
[29]. The highest complexity of ABS events in PICALM 
gene is nine (containing nine A5BS circRNAs, Fig.  3e). 
The longest circRNA spans from exon 2 to exon 19 (has_
circ_0023891), and the shortest one only contains three 
exons (exon 2–4, has_circ_0023942). The expression of 

Fig. 2 Experimental validation of ABS circRNAs in CRC cell lines. RT-PCR and Sanger sequencing validation of A3BS circRNAs and A5BS circRNAs. 
RT-PCR primers of each ABS event were designed at the common region and were divergent. Then the PCR products were subjected to Sanger 
sequencing after gel extraction
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these nine A5BS circRNAs was seemly to be down-regu-
lated in CRC samples (3 of 9 were significant), suggesting 
that they might function as tumor suppressors in CRC.

It has been reported that reverse complementary 
sequences greatly influence circRNA production [9, 30, 
31]. We herein examined whether Alu element count 
and flanking intron length would have effects on the ABS 
event complexity or not. The result showed that A5BS 
events have longer upstream flanking intron length and 
a higher number of Alu elements in upstream regions, 
whereas A3BS events have longer downstream flank-
ing intron length and a higher number of Alu elements 
in downstream regions (Additional file 1: Fig S4a, b). For 
A5BS events, circRNAs in high complexity category have 
longer flanking intron length and higher number of Alu 
elements in upstream regions. For A3BS events, circR-
NAs in high complexity category have shorter flanking 

intron length and a lower number of Alu elements in 
upstream regions; instead, circRNAs in high complexity 
category have longer flanking intron length and a higher 
number of Alu elements in upstream regions (Additional 
file 1: Fig S4c, d). This result indicated that genomic fea-
tures have significant effects on the choice of circRNAs in 
ABS events.

The properties of CRC specific ABS circRNAs
To compare the difference of ABS events between CRC 
tumor and adjacent normal tissue samples, we calcu-
lated the PCU value for each alternative back-splice site 
(see Material and Methods). PCU value is an indica-
tor of the proportion of each ABS circRNA in a specific 
ABS event. The distributions of PCU values for A3BS and 
A5BS events showed that A3BS events had a higher PCU 
level than A5BS events in CRC samples (0·48 vs. 0·45, 

Fig. 3 High complexity of ABS events. a Schematic diagram of ABS event complexity. Colored boxes represent exons. Black lines represent introns. 
Arcs represent back-splicing. ABS events were divided into two groups: low complexity with 2 ABS circRNAs and high complexity with > 2 ABS 
circRNAs. b The distribution of ABS event complexity. The oncogenes or tumor suppressor genes with high complexity ABS events were illustrated. 
Genes with high complexity A5BS events were highlighted in green and genes with high complexity A3BS events were highlighted in orange. 
c Over-representation of ABS events in tumor suppressor genes and oncogenes. (d) Highest complexity of ABS events in selected oncogenes 
or tumor suppressor genes. (e) An A5BS example with high complexity. The top inset shows the structure of an A5BS event with high complexity 
generated from PICALM gene. The bottom inset shows the expression level of each circRNA
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Wilcoxon rank sum test P-value < 2·2 ×  10–16). Both A3BS 
and A5BS events had higher PCU levels in CRC tumor 
tissues than adjacent normal tissues (Additional file 1: Fig 
S5a). We defined differentially expressed ABS (DE ABS) 
events to be significant with the criterion of Δ|PCU|> 
0·1 and P-value < 0·05 between paired CRC tumor and 
normal tissue samples (Fig. 4a). At last, we obtained a set 
of 256 DE A3BS circRNAs from 196 genes and 296 DE 
A5BS circRNAs from 225 genes, among which 42 genes 
contain both DE A3BS and A5BS circRNAs (Fig.  4b, 
Additional file 1: Fig S5b, Additional file 2: Table S4, S5). 
We randomly selected two DE A3BS events nested in 
MKLN1 and PTBP3 genes, and two DE A5BS events in 
GDI2 and RAB11 FIP1 genes. Figure  4c-f presented the 
PCU value differences of these 4 ABS events between 
CRC and normal tissue samples.

To further investigate the functional implication of DE 
ABS circRNAs, we performed GSEA analysis with KEGG 
and Reactome pathway database. The KEGG results 
showed that these genes were highly over-represented 
in cancer-related biological pathways, such as the PI3 
K-Akt signaling pathway (P-value = 0·0021), Hippo sign-
aling pathway (P-value = 0·0022), Ras signaling pathway 
(P-value = 0·0022), MAPK signaling pathway (P-value 
= 0·0022), Wnt signaling pathway (P-value = 0·0022), 
mTOR signaling pathway (P-value = 0·0022), JAK-STAT 
signaling pathway (P-value = 0·0022) (Fig. 4g, h). Further-
more, the result of GSEA enrichment analysis showed 
that parent genes of DE ABS circRNAs are involved in 
some biological pathways, such as cell cycle, DNA repair, 
Ub-specific processing proteases, virus infection and 
Homologous recombination (Additional file  1: Fig S5c, 
d), suggesting that the DE ABS circRNAs play vital roles 
in CRC tumorigenesis.

The dysregulation network of splicing factors and DE ABS 
circRNAs
It has been reported that back-splicing is catalyzed by 
the canonical spliceosomal machinery and is modulated 
by cis-elements or trans-acting factors [32–34]. To inves-
tigate the potential regulation of ABS events by splicing 
factors (SFs) in CRC, we totally integrated previously 
published 67 SFs, which were all experimentally validated 
[19]. The result showed that a total of 54 SFs were signifi-
cantly differentially expressed between CRC tumor and 
adjacent normal tissue samples (P-value < 0·05), among 
which 46 SFs were upregulated and 8 SFs were downregu-
lated in CRC tumor samples (Additional file 2: Table S6). 
We calculated Spearman correlation coefficient between 
differentially expressed SFs and the PCU values of each 
DE ABS circRNA and filtered with the threshold of |ρ|≥ 
0·5 and P-value < 0·05. The high-confidence regulatory 
network contains 17 differentially expressed SFs (11 SFs 

were upregulated and 6 SFs were downregulated, labeled 
circles) and 367 DE ABS circRNAs (Additional file  2: 
Table  S7). This result indicated that DE ABS circRNAs 
could be regulated by SFs in CRC tumorigenesis.

In this regulatory network, a large fraction of DE ABS 
circRNAs (n = 93) were regulated by only one SF, whereas 
32 DE ABS circRNAs were regulated by two different SFs 
(Fig.  5a). The number of regulated DE ABS circRNAs 
varied largely among different SFs, with the largest num-
ber for SRSF5 (154 DE ABS circRNAs) and the smallest 
number for QKI (1 DE ABS circRNA, Fig.  5b). Among 
154 SRSF5 regulatory DE ABS circRNAs, 78 circRNAs 
have no other partners, and the rest circRNAs were also 
regulated by PCBP2 and KHSRP. Then, we examined 
the highly enriched pathways for each SF regulated sub-
network (Additional file  1: Fig S6). For example, SRSF5 
regulated DE ABS circRNAs were over-represented in 
Toll-like receptor signaling pathway, HIF-1 signaling 
pathway and TNF signaling pathway.

The prognostic value of DE ABS circRNAs in CRC 
To evaluate the influence of clinical features on DE ABS 
circRNAs, we used the characteristics and histopatho-
logical features of CRC patients in our study, which were 
detailedly shown in Additional file  2: Table  S8. We first 
detected the DE ABS circRNAs related to distant metas-
tasis and 116 DE ABS circRNAs were found. Of which, 
45 were A3BS circRNAs and 71 were A5BS circRNAs 
(Additional file  2: Table  S9). Interestingly, all of these 
circRNAs were downregulated in patients with distant 
metastasis. We next grouped CRC patients into early-
stage (stage I or II), late-stage (stage III or IV) groups and 
further explored the DE ABS circRNAs related to tumor 
stage. There were 12 DE A3BS and 25 DE A5BS circRNAs 
that were differentially expressed between early-stage 
and late-stage groups. Additionally, the PCU values of 
majority circRNAs (33 of 37) were decreased in late-stage 
group (Additional file 2: Table S10).

We next evaluated the overall survival rates of clinical 
features and those DE ABS circRNAs using the clini-
cal information of CRC patients in our cohort. First, 
univariate Cox regression was performed to assess the 
relationship between clinicopathological features and 
the overall survival (OS) outcomes of patients in our 
CRC cohort. The results showed that distant metas-
tasis (HR = 3·04, 95%CI 1·52–6·10; Wald test, P-value 
= 1·69 ×  10–3) and TNM stage (HR = 9·65, 95%CI 2·30–
40·42; Wald test, P-value = 1·92 ×  10–3) were signifi-
cantly associated with OS, while age and gender had no 
effect on patient’s OS (Additional file 2: Table S11). The 
results of this assessment indicated that the survival 
data of our CRC cohort were informative and appro-
priate for further survival analysis. We next evaluated 
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Fig. 4 Tumor-specific ABS events involved in CRC tumorigenesis. a Volcano plots showing differentially expressed A3BS and A5BS circRNAs 
between tumor and adjacent normal tissues. Green and red dots represent significantly down-regulated and up-regulated ABS circRNAs, 
respectively. b Intersection of parent genes of differentially expressed A3BS and A5BS circRNAs. c-f Violin plots showing the PCU values of A3BS 
and A5BS circRNAs in tumor and normal tissue samples. The top inset represents the genomic structure of ABS event. *** P-value < 0·001. g GSEA 
analysis of parent genes of ABS circRNAs ranked by ΔPCU between CRC and normal tissues with Reactome pathway database. h KEGG enrichment 
analysis of parent genes of DE ABS circRNAs
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the prognostic role of each DE ABS circRNA. As a 
result, a total of 32 ABS circRNAs from 27 genes were 
found to be significantly associated with patient over-
all survival (P-value < 0·05) in univariate Cox regres-
sion (Additional file  2: Table  S12). Of these, 14 were 
A3BS circRNAs and 18 were A5BS circRNAs. All these 
prognostic related DE ABS circRNAs were unfavorable 
prognostic (Additional file  1: Fig S7). The most highly 
associated ABS circRNA with a decrease in overall 
survival is from HIF1 A gene, whose PCU value and 
RPM were increased in CRC tissues, suggesting that it 
might play a crucial role in CRC. Notably, all these 27 
genes have been previously reported to play important 
roles in CRC, and 19 of these 27 genes are differentially 
expressed. Several genes are well-known components 
of cancer-related pathways, including mTOR signaling 
pathway (HIF1 A, AKT3), Toll-like receptor signaling 
pathway (TRAF3, AKT3), or Oxidative phosphorylation 
(PPA2) (Fig. 6a).

Subsequently, multivariate analysis was performed to 
further assess independent prognostic indicator in CRC 
using above 32 prognosis related DE ABS circRNAs. As 
shown in Fig.  6b, patient stage and 13 DE ABS circR-
NAs were both significant in univariate and multivari-
ate analysis, which could be recognized as independent 
prognostic indicators for OS. Kaplan–Meier curves of 
stage and top 5 ABS circRNAs illustrated that patients 
stratifying according to the stage or PCU values had 
significantly different overall survival (Additional file 1: 
Fig S8). All above results indicated that DE ABS circR-
NAs could provide meaningful clinical values.

Different roles of circXPO1‑1 and circXPO1‑2 in CRC 
Exportin 1 (XPO1, also known as chromosome region 1, 
CRM1) gene mediates the nuclear export of critical pro-
teins, and has been reported to function as an oncogenic 
driver in cancer [35]. As shown in Fig. 3d, gene XPO1 had 
an ABS event complexity up to 8. Moreover, we identified 

Fig. 5 The dysregulation network of splicing factors and ABS circRNAs. a The high-confidence regulation network of ABS events by splicing factors. 
Red circles represent up-regulated SF genes in CRC tumor samples, while green circles indicate down-regulated SF genes. Labeling size indicates 
the number of ABS circRNAs regulated by each SF. Colored octagon indicated ABS circRNAs regulated by SFs. b Number of ABS circRNAs regulated 
by each splicing factor. Color bars indicate the absolute number of each ABS type
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all the circRNAs generated from XPO1 gene were ABS 
circRNAs (Additional file 1: Fig S8a). Among these ABS 
circRNAs, circXPO1-1 (239 nt) and circXPO1-2 (371 nt) 
have relatively higher expression level (Additional file 1: 
Fig S8b). circXPO1-1 back-spliced exon 3, exon 4 and 
exon 5 of XPO1 gene with a length of 239 nucleotides 
(nt), and circXPO1-2 back-spliced exon 2, exon 3, exon 4 
and exon 5 of XPO1 gene with a length of 371 nt (Addi-
tional file  1: Fig S8c). Subsequently, five cell lines were 
selected to investigate their existence. RT-PCR analysis 
revealed that circXPO1-2 was more expressed in nor-
mal colon epithelial cells than in CRC cell lines. Sanger 
sequencing of PCR amplification products further vali-
dated the back-spliced junction sites (Fig. 7a). Moreover, 
divergent primers (to detect circRNAs) and convergent 
primers (to detect linear transcripts) were designed to 
validate the putative back-spliced junction site (Fig. 7b). 
These results are all confirmed the existence of these two 
ABS circRNAs in CRC cell lines. Compared with the lin-
ear XPO1 mRNA transcript, circXPO1-1 and circXPO1-2 
were resistant to RNase digestion, demonstrating the 
back-splicing nature of circXPO1-1 and circXPO1-2 
(Fig.  7c). Since the function of circular RNA is always 
tightly associated with its subcellular location pattern 
[36], we analyzed the subcellular location of circXPO1-1 
and circXPO1-2. The results of qRT-PCR analysis after 
cell fractionation suggested that circXPO1-2 is predomi-
nantly localized in the cytoplasm, whereas circXPO1-1 
is predominantly localized in the nucleus (Fig. 7d). Fluo-
rescence in situ hybridization (FISH) assay with a probe 
spanning the back-spliced junction confirmed the subcel-
lular localization of circXPO1-1 and circXPO1-2 (Fig. 7e). 
Therefore, we next examined the expression levels of 
circXPO1-1 and circXPO1-2 in 30-paired CRC samples. 
The qRT-PCR result showed that circXPO1-2 was sig-
nificantly down-regulated in CRC tumor tissues com-
pared with matched adjacent non-tumor tissues, whereas 
circXPO1-1 remained unchanged, which is consistent 
with the result derived from RNA-seq data (Fig.  7f ). 
Additionally, the expression level of circXPO1-2 was sig-
nificantly lower in patients with TNM late-stage (Addi-
tional file  1: Fig S8 d). These evidences indicated that 
circXPO1-2 is aberrantly expressed in CRC, and might 
play a role in CRC tumorigenesis and metastasis.

Functional assays were then conducted to further 
validate the role of circXPO1-1 and circXPO1-2 in CRC 
progression. Given that circXPO1-2 was significantly 
down-regulated in CRC tissues, we individually trans-
fected over-expression constructs into SW620 and 
LoVo cell lines. The result showed that the expression 
of circRNAs was specifically increased, and the expres-
sion of XPO1 linear mRNA has no significant change 
(Additional file  1: Fig S9a). The results of CCK-8 and 
colony formation assay indicated that over-expression 
of circXPO1-2 significantly suppresses cell prolifera-
tion ability of SW620 and LoVo cells (Fig. 8a, b). In par-
allel, circXPO1-2 over-expression remarkably reduced 
cell migration and invasion abilities (Fig. 8c, d). Instead, 
overexpression of circXPO1-1 had no significant effect 
on either cell proliferation or metastasis (Fig.  8a-d). 
The tumor volume and weight of over-expression of 
circXPO1-2 were significantly lower than control and 
over-expression of circXPO1-1 groups, which further 
confirmed the functional roles of circXPO1-1/2 in vivo 
(Fig.  8e, f ). This result suggested that circXPO1-2 may 
play a tumor suppressor role in CRC, while circXPO1-1 
has no effect.

Next, we attempted to detect the underlying regulatory 
mechanism of circXPO1-2. circXPO1-2 overexpression 
and control CRC cell lines were subjected to RNA-seq. A 
total of 314 up-regulated and 369 down-regulated genes 
were identified (Fig. 8g). Among them, we observed that 
several key positive regulators of AKT/ERK pathway 
were significantly down-regulated in circXPO1-2 over-
expression cells, including VASP (Vasodilator-stimulated 
phosphoprotein), and KRT17 (Keratin 17). The result was 
further confirmed by qRT-PCR (Fig. 8h). KEGG enrich-
ment analysis showed that those genes were over-repre-
sented in functional categories, such as cell cycle, MAPK 
signaling pathway, Hippo signaling pathway, Cellular 
senescence, NOD-like receptor signaling pathway et.
al. (Fig.  8i). GSEA result showed that overexpression of 
circXPO1-2 was under-represented in G2M checkpoint 
and over-represented in apoptosis and oxidative phos-
phorylation, which may explain the inhibition of CRC 
cell proliferation by circXPO1-2 (Fig.  8j). Additionally, 
cancer hallmark pathways like G2M checkpoint, Oxi-
dative Phosphorylation, E2 F Targets, Interferon Alpha 

(See figure on next page.)
Fig. 6 ABS circRNAs associated with unfavorable prognosis in CRC. a ABS circRNAs significantly associated with patient overall survival by univariate 
analysis. ABS circRNAs with |ΔPCU|> 0·1 and with significant survival association are shown, ranked by differential survival. ABS circRNAs are labelled 
with gene name, number of detected patients, ABS event type and prognostic type. Other related information for each ABS circRNA is exhibited 
in heatmaps, including survival prognosis, tissues PCU values, and RPM expression levels. b ABS circRNAs significantly associated with patient overall 
survival by univariate analysis and multivariate analysis
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Fig. 6 (See legend on previous page.)
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Response, P53 Pathway were modulated by circXPO1-2 
over-expression (Additional file 1: Fig S9b).

Discussion
CircRNAs have been proved to be a class of endogenous 
RNAs with covalently closed-loop structures gener-
ated by back-splicing [1, 2]. With the development of 

Fig. 7 Identification of circXPO1-1 and circXPO1-2 in CRC. a Schematic illustration and validation of an A3BS event of XPO1 gene. The A3BS event 
contains two ABS circRNAs, circXPO1-1 and circXPO1-2. The existence of circXPO1-1 and circXPO1-2 was proved by RT-PCR using divergent primer 
in common region in CRC cell lines and their back-splicing junction sites were verified by Sanger sequencing. b Agarose gel electrophoresis analysis 
of qPCR products of divergent primer and convergent primer. ←  → divergent primers; →  ← convergent primers. cDNA: complementary DNA, 
gDNA: genomic DNA. GAPDH was used as the negative control. c Relative expression level of circXPO1-1, circXPO1-2 and XPO1 in SW620 cell line 
after RNase R treatment. *** P-value < 0·001. d qPCR result showing the different subcellular location of circXPO1-1 and circXPO1-2. circXPO1-2 
is predominantly localized in the cytoplasm, whereas circXPO1-1 is predominantly localized in the nucleus. GAPDH and U6 were used as the positive 
control of cytoplasm location and nucleus location, respectively. e FISH assay showing the subcellular location of circXPO1-1 and circXPO1-2. f 
circXPO1-1 and circXPO1-2 expression measured by RNA-seq data and by qRT-PCR method in additional CRC corhort, respectively
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next-generation sequencing technology, circRNAs are 
widely detected in human. circRNAs have been reported 
to be essential regulators in various biological processes 
through diverse molecular mechanisms, such as spong-
ing microRNA (miRNA), acting as RNA-binding protein 
(RBP) decoy, and translating into proteins [6, 10, 16]. 
Mounting evidence has been revealed that circRNAs can 
be aberrantly expressed in human cancer and play impor-
tant roles during tumorigenesis or metastasis [30, 32, 33, 
37, 38]. One important molecular mechanism for circR-
NAs is alternative back-splicing, through which multiple 
circRNAs sharing the same 3’ back-splice site or 5’ back-
splice site can be produced from a gene locus. The alter-
native back-splicing largely expands the complexity of 
transcriptome. Pioneer works have reported ABS events 
in human cell lines, and they are still rarely reported in 
human cancer. In this work, we analyzed rRNA-depleted 
transcriptome sequencing data in human CRC samples, 
and comprehensively characterized their landscape of 
ABS events. Some aberrantly expressed ABS circRNAs 
have been detected between CRC and adjacent normal 
tissues, shedding light on the importance of these ABS 
circRNAs.

It has been documented that the biogenesis of circR-
NAs through back-splicing can be regulated by both cis- 
or trans-acting factors [6]. Consistent with previous work 
[16], we also found that the competition between Alu 
element pairs across flanking introns promotes the ABS 
occurrence. In addition, our result showed that longer 
flanking introns were correlated with higher complex-
ity of ABS events. These findings reinforce the evidence 
that cis-regulatory elements contribute greatly to ABS 
events. In addition, differentially expression of splicing 
factors can trigger the differences of ABS patterns. Inte-
grating the expression of splicing factors and differen-
tially expressed ABS circRNAs can provide an approach 
to address the underlying molecular mechanisms of ABS 
pathways involved in CRC. We built a dysregulation net-
work of splicing factors and differentially expressed ABS 
circRNAs. In this regulatory network, some splicing fac-
tors, such as FUS, ELAVL4, KHSRP, HNRNPK, MBNL1 
and QKI have been reported to have the ability to recog-
nize specific motifs and participate in the biogenesis of 

circRNAs [32, 37, 39–42], and PCBP2 and ELAVL1 can 
interact with circRNAs to be involved in tumorigenesis 
[39, 43]. These results further proved the importance of 
the cis- or trans-regulatory mechanism in CRC.

Previous studies had revealed that the more an exon is 
circularized, the less it is represented in mature mRNA 
[44], which indicated that there may exist linear-circular 
switching [3]. Although the biological functions of cir-
cRNAs are not fully uncovered, the competitive splicing 
between circRNA and their linear counterparts would 
help us understand the mechanism of circRNAs involved 
in carcinogenesis. Therefore, systematic characterization 
of differentially expressed ABS circRNAs in CRC will 
help us understand how circRNAs might contribute to 
tumorigenesis. In this work, a total of 552 ABS circRNAs 
were identified to be differentially expressed between 
CRC and adjacent normal tissues. Some cancer-related 
functional categories, such as mTOR signaling pathway, 
p53 signaling pathway, PI3 K-Akt signaling pathway, Ras 
signaling pathway and Wnt/β-catenin signaling pathway, 
have been identified to be highly enriched in these genes 
that occurred ABS circRNAs. This result suggested that 
competitive splicing with their linear counterparts is an 
important mechanism for circRNAs to contribute to dis-
ease progression.

Elucidation of the functional implications and clinical 
relevance of such dysregulated ABS circRNAs is helpful 
to identify new diagnostic biomarkers and therapeutic 
targets. Univariate and multivariate analysis illustrated 
that 13 DE ABS circRNAs could act as independent 
prognostic indicators for CRC patients. Interestingly, 
we found two novel ABS circRNAs, circXPO1-1 and 
circXPO1-2, which have different functional roles in CRC. 
circXPO1-2 is down-regulated and serves as a tumor 
suppressor in CRC, while the expression of circXPO1-1 
has no significant change. Further research is needed to 
completely elucidate their transcriptional regulation and 
processing of transcriptional output of this locus. Nev-
ertheless, XPO1 inhibitor, Selinexor, has been approved 
for the treatment of relapsed multiple myeloma. Consid-
ering the tumor suppressor role of circXPO1-2 and the 
oncogene role of XPO1, it is a new strategy to treat CRC 

(See figure on next page.)
Fig. 8 Different functional roles of circXPO1-1 and circXPO1-2 in HCC cell lines. a CCK-8 assay and (b) Colony formation assay in SW620 and LoVo 
cells detecting cell proliferation transfected with control, OE-circXPO1-1, and OE-circXPO1-2 vectors. c, d Transwell assays reveal cell migration 
and invasion in SW620 and LoVo cells transfected with control, OE-circXPO1-1, and OE-circXPO1-2 vectors. e Tumor size and tumor weight (f) 
were accessed for each derived xenograft tumor. Xenograft tumor models were established using LoVo cells stably transfected with control, 
OE-circXPO1-1, and OE-circXPO1-2 vectors. g Volcano plot of differentially expressed genes in LoVo cells stably transfected with control 
and OE-circXPO1-2 vectors. h Relative mRNA expression levels of differentially expressed genes detected by qRT-PCR in control and OE-circXPO1-2 
LoVo cells. ** P-value < 0·01, *** P-value < 0·001. i Cancer hallmark enrichment analysis of differentially expressed genes in control and OE-circXPO1-2 
LoVo cells. j GSEA plots of differentially expressed gene sets involved in regulation of carcinogenesis
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Fig. 8 (See legend on previous page.)
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patients inducing splicing-switch from linear isoform to 
circulation isoform.

Through Sanger sequencing, we found circXPO1-1 and 
circXPO1-2 are generated from a newly annotated tran-
script of XPO1, ENST00000680228, but not the canoni-
cal transcript encoding the functional protein. Because 
of a 64 bp length insertion, this transcript carries a pre-
mature stop codon, likely undergoing nonsense mediated 
decay. This further supported the competitive splicing 
roles of circRNAs and their linear counterparts. Much 
more, it also indicated that detection of junction site is 
only the first step of circRNA identification. How many 
exons and which exons are included in mature circRNAs 
are further to be validated. Fully considering the alterna-
tive splicing and alternative back-splicing of circRNAs 
and their linear counterparts is needed when exploring 
their functional roles.

Conclusions
In conclusion, we comprehensively described the land-
scape of ABS events and concluded the preference of 
ABS events in CRC. Our results demonstrated that dif-
ferentially expressed ABS circRNAs were highly related 
to cancer hallmarks and highlighted their important roles 
o in cancer biology. Our work offers a new set of targets 
with potential clinical benefits.
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