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circ5615 functions as a ceRNA to promote
colorectal cancer progression by upregulating TNKS
Zhifei Ma1, Chencheng Han1, Wenjia Xia1, Siwei wang1, Xiang Li1, Panqi Fang1, Rong Yin1, Lin Xu 1 and Liu Yang 2

Abstract
Circular RNAs (circRNAs), non-coding RNAs generated by precursor mRNA back-splicing of exons, have been
reported to fulfill multiple roles in cancer. However, the role of quite a lot circRNAs in colorectal cancer (CRC)
remains mostly unknown. Herein, we explored the expression profiles of circRNAs in 5 paired samples of CRC
patients by microarray and noted a circRNA, hsa_circ_0005615 (circ5615), was significantly upregulated in CRC
tissues. Circ5615 was derived from exon 2 of NFATC3 and its upregulation was tightly correlated with higher T stage
and poor prognosis in CRC patients. Studies in vitro and in vivo demonstrated that knockdown of circ5615 in cancer
cells inhibited proliferation and cell cycle acceleration, while overexpression promoted malignant phenotypes.
Mechanistically, RNA immunoprecipitation, biotin-coupled probe pull-down and luciferase reporter assays revealed
circ5615 effectively bound to miR-149-5p and might play a role like miR-149-5p sponge. Additionally, tankyrase
(TNKS), regulator of β-catenin stabilization, was identified as circ5615 downstream and the potential miR-149-5p
targets by RNA-seq and bioinformatics analysis. We further verified the upregulation of β-catenin and cyclin D1
induced by circ5615. Our results indicated that circ5615 exerted oncogenic function as competing endogenous
RNA (ceRNA) of miR-149-5p to release TNKS and activated Wnt/β-catenin pathway.

Introduction
Colorectal cancer (CRC) is the third most common

cancer with over 1.8 million new cases in 2018 and the
second leading cause of cancer-related death worldwide1.
In addition to genetic risk, lifestyle factors of physical
activity, sedentary behavior, and diet show conclusive
associations with colorectal cancer incidence2. On the
therapeutic front, although encouraging evolvement in
traditional surgery, radiotherapy, and chemotherapy, a
large proportion of patients with advanced CRC are still
suffering poor prognosis owing to metastasis and

recurrence. Emerging immune checkpoint inhibitors
appear promising for cancer treatment, but only ~15% of
CRC patients reveal durable response to immunotherapy3.
Consequently, existing circumstances highlight the
necessity to further address underlying molecular
mechanisms contributing to the development and pro-
gression of CRC to provide more effective treatment
options.
Circular RNAs (circRNAs) contain a large class of non-

coding RNAs that are produced from precursor mRNA
(pre-mRNA) backsplicing, in which a downstream splice-
donor site is covalently connected to an upstream splice-
acceptor site4. With further study of characterization and
biology of circRNAs, it has been found that circRNAs
generally exhibit cell-type-specific and tissue-specific
patterns and are implicated in various diseases such as
diabetes mellitus, cardiovascular diseases, and cancer5.
Due to their circular structures being resistant to most
RNA degradation machineries, circular RNAs are deemed
to be stable and show bright prospects in clinical

© The Author(s) 2020
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Liu Yang (yangliu@njmu.edu.cn)
1Department of Surgery, The Affiliated Cancer Hospital of Nanjing Medical
University & Jiangsu Cancer Hospital & Jiangsu Institute of Cancer Research,
Jiangsu Key Laboratory of Molecular and Translational Cancer Research,
Nanjing, China
2Department of Colorectal Surgery, The Affiliated Cancer Hospital of Nanjing
Medical University & Jiangsu Cancer Hospital & Jiangsu Institute of Cancer
Research, Nanjing, China
These authors contributed equally: Zhifei Ma, Chencheng Han
Edited by M. Bushell

Official journal of the Cell Death Differentiation Association

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://orcid.org/0000-0001-9235-9181
http://orcid.org/0000-0001-9235-9181
http://orcid.org/0000-0001-9235-9181
http://orcid.org/0000-0001-9235-9181
http://orcid.org/0000-0001-9235-9181
http://orcid.org/0000-0002-5961-1469
http://orcid.org/0000-0002-5961-1469
http://orcid.org/0000-0002-5961-1469
http://orcid.org/0000-0002-5961-1469
http://orcid.org/0000-0002-5961-1469
http://creativecommons.org/licenses/by/4.0/
mailto:yangliu@njmu.edu.cn


application6. To date, it has been widely proposed that the
circRNAs can act as competing endogenous RNA
(ceRNA) for miRNAs through their binding sites and
modulate the activity of miRNAs on target genes. CiRS-7,
one of the most well-characterized circRNA, with more
than 70 conserved binding sites for miR-7, strongly
restrains miR-7 activity, bringing about increased expres-
sion of miR-7 targets7. CircCCDC66 and hsa_circ_101555
also function as miRNA sponge in CRC8,9. Additionally,
circRNAs interact with RNA-binding proteins acting as
protein sponges to regulate protein function10,11. A subset
of circRNAs undergo cap-independent translation under
specific conditions12,13. Furthermore, circRNAs might
serve as a biomarker for prognosis predication14.
Herein, we investigated the expression profiling of cir-

cRNA in five CRC and paired adjacent tissues through
microarray and found that hsa_circ_0005615 (circ5615)
significantly upregulated in CRC tissues. circ5615,
clinically related to CRC, promoted the malignant phe-
notype including cell proliferation in CRC by serving as
a miR-149-5p sponge to upregulate TNKS levels. Our
findings indicated that circ5615 exerted oncogenic
potential and could be a candidate in diagnosis and
treatment of CRC.

Results
Expression profiles of circRNAs in colorectal cancer
To analyze the expression profiles of circRNA in col-

orectal cancer (CRC), we performed microarrays in five
paired samples of CRC and adjacent nontumor tissues
(GSE142837), which contained 3314 circRNA probes.
Subsequently, a total of 257 dysregulated circRNAs were
identified in colorectal cancer tissues, of which 139 cir-
cRNAs were upregulated and 118 circRNAs were down-
regulated compared to the adjacent nontumor tissues
(Fig. 1a and Supplementary Fig. 1a). Among these 257
circRNAs, 91.05% were derived from exons (Fig. 1b), and
the majority were <1200 nucleotides (nt) (Fig. 1c). Focus
on the potential oncogene in CRC, we next analyzed the
most up-regulated circRNAs expression by reverse tran-
scription polymerase chain reaction (RT-PCR) after
RNase R treatment to check the resistance of circRNAs to
RNase R digestion. Results showed that hsa_circ_0005615,
hsa_circ_0000467, and hsa_circ_0045932 were stable
while their linear isoform could be easily digested by RNase
R (Fig. 1d and Supplementary Fig. 1b). Hsa_circ_0048232
could not be detected due to their low abundance in CRC
cells. For the others, we tried different primers but all of
these primers caused nonspecific amplification, mainly

Fig. 1 Microarray revealed that circ5615 was upregulated in CRC. a Heat map of differentially expressed circRNAs between 5 CRC tissues and
adjacent nontumor tissues. Gene expression in z score-transformed value was shown. b Pie chart showing dysregulated circRNAs derived from
different genomic regions. c Length distribution of the dysregulated circRNAs. d The PCR analysis validated that circ5615 resisted to RNase R, while
corresponding linear NFATC3 mRNA could be digested by RNase R. e Expression of circ5615 in 35 paired CRC samples were detected by RT-PCR.
ACTB was used as a loading control. T tumor tissue, N nontumorous tissue. Data are shown as mean ± SD. *p < 0.05; ***p < 0.001, paired t-test.
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because of alternative splicing of circRNAs. Further
assessment of the three circRNAs in 35 CRC tissues by
RT-PCR, we found them markedly up-regulated in CRC
tissues compared to adjacent nontumor tissues (Fig. 1e and
Supplementary Fig. 1c, d). These data matched well with
the microarray data, indicating the high reliability of the
microarray results. Considering that hsa_circ_0005615
(circ5615) was significantly upregulated (2.8-fold change),
whose expression was much higher than hsa_circ_0000467
and hsa_circ_0045932 (more than nine times, p < 0.01), we
chose circ5615 for further investigation.

Characterization of circ5615 in colorectal cancer
Circ5615 was circularized by exon 2 of the NFATC3

gene with a length of 1135 nt according to circBase
(http://www.circbase.org). We designed divergent primers
amplifying the back-spliced junction of circ5615 and
Sanger sequencing was used to confirm the circ5615
junction (Fig. 2a). After RNase R treatment, the divergent
primers could detect circ5615, which is resistant to
digestion by RNase R, while the divergent primers could
not amplify any products in genomic DNA. In contrast,
convergent primers specifically for NFATC3 mRNA
amplified the linear mRNA, which disappeared after
RNase R digestion (Fig. 2b). Further analysis for stability
of circ5615 with SW480 cells treated with Actinomycin D,
an inhibitor of transcription, showed that the half-life of
circ5615 transcript exceeded 24 h (Fig. 2c). Repetitive
elements residing in introns flanking circularized exons,
such as Alu elements in primates, have been reported to
be responsible for most circRNA formation15. The ana-
lysis of the flanking introns of NFATC3 exon 2 revealed
highly complementary Alu repeats with 37 short inter-
spersed elements in the intron upstream of NFATC3 exon
2 and 6 short interspersed elements downstream (Sup-
plementary Fig. 1e). The inverted repeated Alu elements
(IRAlus) are highly reverse complementary (typically 84%
identity over 281 nt; Supplementary Fig. 1e), probably
contributing to the elevated expression of circ5615.
Additionally, the expression of circ5615 was positively
correlated with NFATC3 (r= 0.7328, p < 0.001, Supple-
mentary Fig. 1f), implying that higher expression of
circ5615 was relevant with higher expression of NFATC3.
To evaluate the subcellular localization of circ5615 in

CRC cells, we used the RT-PCR analysis to determine the
nuclear and cytoplasmic circ5615 expressions respec-
tively. Our results revealed that circ5615 preferentially
located in the cytoplasm of SW480 cells (Fig. 2d), which
was also identified by the fluorescence in situ hybridiza-
tion (FISH) assay for circ5615 (Fig. 2e). Additionally, we
observed that circ5615 expression increased in CRC cell
lines compared with human normal colorectal cell line
(Fig. 2f), which was consistent with the results in CRC
tissues. Based on this result, SW480 and HCT 116 cells

were selected for the following circ5615 assays. Moreover,
the levels of circ5615 was 1.72-fold change in CRC cell
lines and 2.64-fold change in CRC tissues compared to
NFATC3 (Supplementary Fig. 1g).

Circ5615 expression correlated with poor clinical outcome
We then explored the clinicopathologic significance of

circ5615 using tissue microarray (TMA) constructed by
99 pairs of CRC tissues and adjacent nontumor tissues.
Specific digoxigenin-labeled probe was designed to detect
circ5615 expression by chromogenic in situ hybridization
(CISH). High expression of circ5615 in CRC was also
validated by immunoreactive scores in TMA, which was
significantly correlated with higher T stage in CRC
patients (Fig. 2g and Table 1). Kaplan–Meier survival
curves revealed that CRC patients with high circ5615
levels had a shorter overall survival (HR= 2.331, P=
0.002; Fig. 2h). Additionally, multivariable analysis indi-
cated that circ5615 level was an independent prognosis
factor for CRC patients (HR= 2.176, P= 0.010; Fig. 2i).
Thus, the results demonstrated that circ5615, a stable
circRNA, whose upregulation was common in CRC, led to
poor prognosis.

Circ5615 promoted the malignant phenotype of colorectal
cancer cell lines in vitro
To investigate the role of circ5615 in CRC progression,

we designed two short interfering RNAs (si-circ5615#1
and si-circ5615#2), which specifically target the back-
splicing region of circ5615. Then a strict control RNA
(NC) with half-sequence replacements of siRNA was
designed to exclude potential off-target effects13. For
overexpression of circ5615, exon 2 of NFATC3 was
cloned into the expression vectors, together with
upstream and downstream flanking intronic sequences
to promote the formation of circ5615 as in a previous
study16. Compared with the control siRNA, si-
circ5615#1 rather than si-circ5615#2 significantly
downregulated the expression of circ5615 but not
NFATC3 in SW480 and HCT 116 cells so we chose si-
circ5615#1 for following assays (Fig. 3a and Supple-
mentary Fig. 2a). The overexpression vector significantly
increased the expression of circ5615 as opposed to the
empty vector while NFATC3 mRNA expression had no
obvious change in both CRC cells (Fig. 3b and Supple-
mentary Fig. 2b). The results demonstrated that circ5615
could not affect the expression of NFATC3. By real-time
cell analyzer system (RTCA), colony formation, and 5-
ethynyl-2′-deoxyuridine (EdU) proliferation assays, we
determined that knockdown of circ5615 remarkably
impaired the proliferation ability of SW480 and HCT 116
cells, whereas ectopic expression of circ5615 promoted
cell viability (Fig. 3c–e and Supplementary Fig. 2c). We
next evaluated whether circ5615 affects apoptosis or cell-
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cycle progression of SW480 cells. Cell cycle analysis
illustrated that CRC cells were arrested at G1 phase after
knockdown of circ5615. Conversely, stable over-
expression of circ5615 caused the progression of cells

from the G1/S to G2/M phase (Fig. 3f). The results of
Annexin-V-PE staining showed circ5615 had no sig-
nificant effect on CRC cells apoptosis, implying circ5615
promoted cell proliferation in a cell-cycle-dependent

Fig. 2 Characterization of circ5615 in CRC cells. a circ5615 was back- spliced by exon 2 of NFATC3, confirmed by sanger sequencing. b Divergent
and convergent primers were designed and the gene expression with or without RNase R treatment was detected by gel electrophoresis. c RNA
stability of circ5615 and NFATC3. Hours: time after ActD treatment. d RT-PCR analysis and western blot of subcellular fractionation in the SW480 cells.
Fibrillarin and GAPDH served as a specific nuclear and cytoplasmic marker to whole-cell lysates (WCL), cytoplasm (Cyto), and nucleus (Nuc).
e Confocal microscopy images of circ5615 (green) in SW480 cells. Nuclei was stained with DAPI (blue). f circ5615 and NFATC3 mRNA expression in
CRC cell lines and human normal colorectal cell line. g The expression of circ5615 analyzed by CISH on CRC tissues was correlated with T stage.
h Kaplan–Meier analysis of the correlation between circ5615 levels and overall survival. High expression of circ5615 led to a significantly shorter
overall survival. i Multivariable analysis showed high circ5615 level was an independent prognostic factor in CRC. Data are shown as mean ± SD. *p <
0.05; **p < 0.01; ***p < 0.001, paired t-test.
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manner (Supplementary Fig. 2d). Additionally, the
Transwell and Matrigel assays revealed that circ5615
induced the invasion of SW480 cells (Supplementary Fig.
2e, f). Both gain-of-function and loss-of-function
experiments in vitro suggested that circ5615 might play
an oncogenic role in CRC.

Circ5615 served as a sponge for miR-149-5p
Because the internal ribosome entry sites (IRESs)

parameter index <1.6 and circ5615 had a short open
reading frame, we predicted the relatively low protein
coding potential of circ561517,18. Recent studies have
shown that circRNAs can function as miRNA sponges to
modulate downstream targets expression7,19–21. Given
that circ5615, the circRNA highly expressed in CRC,
mainly located in the cytoplasm, we next explored miR-
NAs targeting circ5615 via the competitive endogenous
(ceRNA) dependent mechanism. The analysis pipeline
was detailed in Fig. 4a. Briefly, miRanda and CSCD target
prediction tools revealed that 185 miRNAs were found to
have the potentially binding sites to circ561522,23. AGO
CLIP-seq data from starBase database was used for
identification of miRNA-circ5615 interactions24. More-
over, we filtered tumor-suppressor miRNAs with sig-
nificantly low expression in CRC by analysis of The
Cancer Genome Atlas (TCGA) database (Supplementary
Fig. 3a). Consequently, three potentially functional

candidate miRNAs (miR-149-5p, miR-331-3p and miR-
3944-3p) were found in both lists. By RTCA proliferation
assays, we observed miR-149-5p, miR-331-3p suppressed
the proliferation ability of SW480 cells, but not miR-3944-
3p (Fig. 4b and Supplementary Fig. 3b, c). We next per-
formed AGO2 RNA immunoprecipitation assays (RIP) in
SW480 cells to explore whether AGO2 could bind with
both circ5615 and miRNAs. Indeed, endogenous circ5615,
miR-149-5p and miR-331-3p were efficiently enriched by
anti-AGO2 compared to anti-IgG (Fig. 4c, d), which
verified the validity of our analysis.
To further explore the binding capability of miR-149-5p

and miR-331-3p to circ5615, luciferase reporters were
constructed and showed that the luciferase activities of
circ5615 was significantly reduced by nearly 70% trans-
fected with miR-149-5p mimics; while only 30% trans-
fected with miR-331-3p mimics (Fig. 4e). Similar results
were observed in circRNA pull-down assays in SW480
cells (Fig. 4f), suggesting miR-149-5p had stronger ability
to sponge circ5615. We then performed miRNA
pull-down assays using biotin-coupled miRNA mimics
and determined that circ5615 was significantly enriched
by miR-149-5p rather than miR-331-3p (Fig. 4g, h). The
FISH results demonstrated that circ5615 and miR-149-5p
were relatively co-localized in the cytoplasm of CRC cells
(Fig. 4i). More importantly, the reporter plasmid in which
the predicted miR-149-5p binding sites were mutated
revealed that transfection with miR-149-5p mimics sig-
nificantly inhibited the activity of circ5615 wild-type
reporter, but not mutated luciferase reporter (Fig. 4j and
Supplementary Fig. 3d). Therefore, these findings implied
circ5615 served as a sponge for miR-149-5p which sup-
pressed the tumorigenesis of CRC cells.

MiR-149-5p decreased TNKS expression
To better understand the molecule mechanism of

circ5615 and regulatory role of miR-149-5p in CRC, we
performed RNA-seq in SW480 cells after silencing
circ5615, which was verified by mRNA microarray after
circ5615 overexpression. The top 500 genes significantly
downregulated in knockdown samples were upregulated
in overexpression samples and vice versa (Fig. 5a), sug-
gesting that phenotypes observed above were not caused
by off-target effects. Gene Ontology enrichment analysis
of the remarkedly dysregulated genes showed the top
biological processes were cell growth related, including
Wnt signaling pathway25 (Fig. 5b). By TargetScan and
starBase miRNA prediction programs24,26, we identified
the target sequences of miR-149-5p in four genes 3′-UTR
(TNKS, LUC7L3, DUSP16, and SHROOM2), whose
changes in RNA levels were verified to be consist with
circ5615 (Fig. 5c, d and Supplementary Fig. 4a). Further
RT-PCR analysis revealed TNKS, LUC7L3, and
SHROOM2 expression significantly decreased when

Table 1 The relationship between circ5165 and clinical
characteristics in 99 CRC patients.

Variable circ5615 p-value

Low (n= 50) High (n= 49)

Sex

Male 25 34 0.0494*

Female 25 15

Age

>60 40 36 0.4417

≤60 10 13

T stage

II–III 39 28 0.0265*

IV 11 21

N stage

0 28 24 0.4843

I–II 22 25

M stage

0 48 46 0.6297

I 2 3
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transfected with miR-149-5p mimics (Fig. 5e and Sup-
plementary Fig. 4b). Considering that TNKS expression
changed the most after circ5615 knockdown or over-
expression, we chose TNKS for further verification,
observing the protein levels of TNKS were decreased in
CRC cells transfected with miR-149-5p mimics (Fig. 5f).
Tankyrase (TNKS) has been reported to modulate a
diverse range of processes involving regulation of the Wnt
signaling pathway through β-catenin destruction and
control of the mitotic checkpoint27. To further explore
whether the 3′-UTR of TNKS was a functional target of
miR-149-5p, we cloned the wild-type and mutant (pre-
dicted miR-149-5p binding sites were mutated) 3′-UTR of
TNKS mRNA and performed dual luciferase reporter
assays. Compared with the control RNA group, miR-149-
5p mimics efficiently reduced luciferase activity of wild-
type group but not mutant one (Fig. 5g and Supplemen-
tary Fig. 4c). Furthermore, miRNA pull-down assay
showed a nearly four-fold enrichment of TNKS in the

miR-149-5p group compared with the control one (Fig.
5h). These results suggested that miR-149-5p could bind
to the 3′-UTR of TNKS and directly downregulate TNKS
expression.

Wnt/β-catenin pathway was activated by circ5615 through
TNKS
Since our data showed that circ5615 served as a sponge

for miR-149-5p and miR-149-5p bind to the 3′-UTR of
TNKS, we further verified whether circ5615 induced
TNKS expression, which had been validated in RNA
levels (Fig. 5d and Supplementary Fig. 4a). Firstly, the
protein levels of TNKS decreased with circ5615 knock-
down, whereas increased when circ5615 was over-
expressed (Fig. 6a and Supplementary Fig. 4d). Second,
circ5615 expression was positively related with mRNA
levels of TNKS in the expression cohort of 35 CRC
patients (r= 0.546, p < 0.01; Fig. 6b). Additionally, we
noted that the changes of circ5615 expression had little

Fig. 3 Expression of circ5615 promoted cell proliferation in CRC cells. a The interfering efficiencies of siRNA in SW480 cells were determined by
RT-PCR. b Expression levels of circ5615 and NFATC3 in SW480 cells after transduction with circ5615 vector. c–e Circ5615 facilitated the proliferation of
CRC cells shown by the RTCA (c), colony formation (d), and EdU (e) assays with silencing or overexpressing circ5615. Cell numbers were determined
using the ImageJ program. f Cell cycle analysis of SW480 cells with silencing or overexpressing circ5615. Data are shown as mean ± SD (n= 3) or
typical photographs of one representative experiment. Similar results were obtained in three independent experiments. *p < 0.05; **p < 0.01; ***p <
0.001; ns nonsignificant, paired t-test.
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effect on the luciferase activity of TNKS-3′UTR mutant-
reporter (Fig. 6c).
Previous work has demonstrated TNKS could stabilize

β-catenin protein by promoting AXIN2 degradation and
implicated in multiple functions including cellular pro-
liferation in CRC28,29. GO analysis on genes regulated by
circ5615 also implied that circ5615 participated in Wnt
signaling pathway (Fig. 5b). Consequently, we performed
Western blot analysis and observed circ5615 induced
decreased AXIN2 and increased β-catenin, including the
raised nuclear β-catenin levels. β-catenin translocating to
the nucleus has been reported to promote the transcrip-
tion of a series of target genes including cyclin D1

(CCND1)30, which was stimulated by circ5615 (Fig. 6a and
Supplementary Fig. 4d), partly explaining the influence of
circ5615 on cell cycle. Similar results were observed by
the Immunofluorescence assay (Fig. 6d).

Circ5615 promoted cell proliferation via the circ5615-miR-
149-5p-TNKS axis
Then we designed rescue experiments using miR-149-

5p mimics in SW480 cells, which showed that miR-149-
5p mimics alone significantly decreased TNKS expression,
but it was rescued by circ5615 overexpression (Fig. 6e and
Supplementary Fig. 4f). RTCA proliferation assays
revealed circ5615 overexpression could partially rescue

Fig. 4 Identification of miR-149-5p binding to circ5615. a Schematic flowchart illustrated the pipelines for miRNA analyses. b RTCA proliferation
analysis for SW480 cells transfected with miR-149-5p mimics. c The Ago2 RIP showed that Ago2 served as a platform for circ5615, miR-149-5p and
miR-331-3p. d Schematic illustration showed the potential binding sites of miR-149-5p and miR-331-3p on circ5615. e Luciferase activity of circ5615
transfected with miR-149-5p or miR-331-3p mimics. Firefly luciferase activity was normalized by Renila luciferase activity. f Biotin-coupled CircRNA
pull-down assays confirmed that miR-149-5p was effectively enriched by circ5615 in SW480 cells. g, h circ5615 was enriched with 3′-end biotinylated
miR-149-5p in SW480 and HCT 116 cells. i The FISH assays showed that circ5615 and miR-149-5p were relatively co-localized in the cytoplasm of
SW480 cells. j Luciferase reporter activity of circ5615 co-transfected with miR-149-5p mimics or mimics NC. Data are shown as mean ± SD (n= 3).
Similar results were obtained in three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, paired t-test.
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miR-149-5p mimics-mediated suppression for prolifera-
tion (Fig. 6f and Supplementary Fig. 4g). As shown in Fig.
6g, circ5615 could promote β-catenin nuclear entry acti-
vating CCND1 with AXIN2 degradation and TNKS
siRNA significantly attenuated the effects of circ5615 on
AXIN2, β-catenin, and CCND1. Similarly, knockdown of
TNKS could diminish the effect of circ5615 over-
expression on CRC cells proliferation and cell cycle (Fig.
6h, i). Taken together, we demonstrated that circ5615-
regulated CRC cell proliferation via the circ5615-miR-
149-5p-TNKS axis.

circ5615 promoted colorectal cancer tumorigenesis in vivo
and served as a potential therapeutic target
To explore the biological function of circ5615 in vivo,

we injected circ5615 antisense oligonucleotide (ASO) into
established xenograft tumor model in nude mice and
noted the circ5615 ASO suppressed tumor growth (Fig.

7a, c, d). Serial sections and immunohistochemical (IHC)
staining showed that tumor tissues injected with circ5615
ASO had fewer TNKS, β-catenin, and CCND1-positive
cells (Fig. 7b). Correspondingly, tumors derived from cells
transfected with circ5615 expression vectors grew more
rapidly (Fig. 7e–g). ASO provided specific efficiency in
regulating target gene expression and had the potential
for clinical treatment31. Therefore, the results in vivo
suggested that circ5615 could act as a promising ther-
apeutic target of colorectal cancer.

Discussion
Recent high-throughput expression profiling studies

function as an important resource to explore the
expression patterns of circRNAs in cancer. Various cir-
cRNAs have been found participating in the development
and progress of cancer32–34. Focus on oncogenes in col-
orectal cancer, we performed circRNA expression

Fig. 5 TNKS was identified as a direct target of miR-149-5p. a Heat map analyses showed top 500 activated and suppressed genes by RNA-seq
(left) and corresponding gene expression by microarray (right). SI: circ5615 knockdown. OE: circ5615 overexpression. b The GO biological processes
analysis of the circ5615-regulated genes (fold changes >1.41 in RNA-seq samples and <0.80 in microarray samples; fold changes <0.70 in RNA-seq
samples and >1.20 in microarray samples, p < 0.05). c Four target genes were showed with the overlap between circ5615-regulated genes and
predicted miR-149-5p targets. d The expression of genes after circ5615 knockdown or overexpression in SW480 cells. e RT-PCR analysis revealed
TNKS, LUC7L3 and SHROOM2 expression were significantly decreased by miR-149-5p in SW480 cells. f The protein levels of TNKS in the CRC cells
transfected with miR-149-5p mimics. g Luciferase reporter activity of TNKS-3′UTR wild-type-reporter or mutant- reporter in HEK-293T cells transfected
with miR-149-5p mimics or mimic NC. h Biotin-coupled miRNA pull-down assays determined that TNKS was effectively enriched by miR-149-5p. Data
are shown as mean ± SD (n= 3). Similar results were obtained in three independent experiments or typical photographs of one representative
experiment. *p < 0.05; **p < 0.01; ***p < 0.001; ns nonsignificant, paired t-test.
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microarray and noted circ5615 as a markedly upregulated
circRNA in CRC after RNase R digestion and RT-PCR
analysis. Function assays in vitro revealed that circ5615
promoted the proliferation and migration of colorectal
cancer cell lines. Circ5615 served as a sponge for miR-
149-5p and inhibited the miRNA- mediated suppression
on the target gene TNKS. Increased TNKS level drove
CRC cell proliferation via Wnt/β-catenin pathway by
stimulating AXIN2 degradation and therefore stabilize
β-catenin, implying that circ5615 promotes CRC cell
growth via a ceRNA-dependent mechanism.
Most circRNAs are generated by precursor mRNA via

exon circularization. We characterized one of the

abundant circRNAs derived from exon 2 of the NFATC3
gene (termed circ5615), whose flanking introns consisted
of many complementary Alu repeats. The majority of
circRNAs, except for intron-containing circRNAs, are
localized to cytoplasm35. Consisting of a single exon,
circ5615 was observed principally exported to the cyto-
plasm. The stable nature of circ5615 (Fig.2b, c) partly
accounted for the elevated expression compared to
NFATC3 both in CRC cell lines and tissues.
Because of the unique properties and diverse cellular

functions, circRNAs have great potential as diagnostic and
prognostic biomarkers36. We then evaluated the clinical
relevance of circ5615. Both RT-PCR and CISH analyses

Fig. 6 circ5615 promoted cell proliferation by relieving the repression of miR-149-5p for TNKS expression. a The protein levels of TNKS,
AXIN2, β-catenin, and CCND1 in the CRC cells with knockdown of circ5615. SI: circ5615 knockdown. Fibrillarin served as a specific nuclear marker.
b Positive correlation between the levels of circ5615 and TNKS of the 35 CRC tumorous tissues. ΔCt values were normalized according to ACTB.
c Luciferase reporter activity of TNKS-3′UTR wild-type-reporter or mutant-reporter in HEK-293T cells with the knockdown or overexpression of
circ5615. d Cellular expression of TNKS and β-catenin in HCT 116 cells after circ5615 knockdown. Nuclei was stained with DAPI (blue). e The mRNA
(upper panel) and protein (lower panel) levels of TNKS expression in SW480 cells transfected with miR-149-5p mimics alone or co-transfected with
circ5615. f RTCA cell proliferation analysis in SW480 cells transfected with miR-149-5p mimics alone or co-transfected with circ5615. g Upper panel:
the TNKS mRNA expression in SW480 cells with circ5615 overexpression and TNKS knockdown. Lower panel: the protein levels of TNKS, AXIN2,
β-catenin, and CCND1 in SW480 cells with circ5615 overexpression and TNKS knockdown. Fibrillarin served as a specific nuclear marker. h RTCA cell
proliferation assays in SW480 cells with circ5615 overexpression after TNKS knockdown. i Cell cycle analysis of SW480 cells with circ5615
overexpression after TNKS knockdown. Data are shown as mean ± SD (n= 3) or typical photographs of one representative experiment. *p < 0.05;
**p < 0.01; ***p < 0.001; ns nonsignificant, paired t-test.
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revealed circ5615 expression rose in CRC tissues. There
was a significantly positive correlation between circ5615
expression and T stage in CRC patients. We also found
that male patients had elevated circ5615 expression,
probably because of the higher mortality rates in men
than in women37. Correspondingly, CRC patients with
poor prognosis showed increased levels of circ5615, which
was further identified an independent prognosis factor for
CRC patients. The evidence suggested that circ5615 was a
potential biomarker for colorectal cancer. Loss of function
and gain-of function assays in vitro revealed circ5615
promoted proliferation in a cell-cycle-dependent manner
and induced migration in CRC cell lines, which was
concordant with analyses above. As NFATC3 has been
reported to promote the development of intestinal tumors

through NFAT-dependent transcriptional regulation38,
circ5615 along with its host gene could facilitate the CRC
progression in cytoplasm and nucleus respectively.
It has been proposed that the competing endogenous

RNAs (ceRNAs), including circRNAs, can serve as miR-
NAs sponges and regulate the activity of miRNAs on
target genes39,40. We explored the possibility of circ5615
as a ceRNA because of the abundant expression (0.03 of
ACTB expression and 2.64-fold change in CRC tissues).
After multiple bioinformatic analyses and proliferation
assays (Fig. 4a, b), miR-149-5p and miR-331-3p were
noted as tumor-suppressor miRNAs in CRC with poten-
tially circ5615 binding sites. Subsequently, AGO2 RIP and
circRNA/miRNA pull-down assays showed the evidence
of the physical interaction between circ5615 and miR-

Fig. 7 circ5615 promoted tumor growth in vivo. a Xenograft tumor models revealed that tumors grown with circ5615 knockdown were smaller
than the control group. b Serial sections and IHC staining of TNKS, β-catenin, CCND1, and Ki67. c, d The volume (c) and weight (d) of subcutaneous
xenograft tumors from nude mice. e Xenograft tumor models showed that circ5615 significantly promoted tumor growth. f, g The volume (f) and
weight (g) of subcutaneous xenograft tumors after overexpression of circ5615. h Hypothesis diagram showed function and mechanism of circ5615 in
CRC progress. Data are shown as mean ± SD (n= 6). In c, d, f, g, center line: median of data; Bounds of box: the second quartile to the third quartile;
Whisker: minimum value to maximum value. *p < 0.05; ***p < 0.001, paired t-test.
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149-5p/miR-331-3p, but miR-149-5p had stronger bind-
ing strength than miR-331-3p, corresponding with the
results of luciferase reporter assays. In consistent with the
results above, miR-149-5p has been reported to function
as tumor suppressor in multiple tumors.41–43. Our study
suggested circ5615 directly bound to miR-149-5p and
might serve as a ceRNA.
TNKS, a member of poly (ADP-ribose) polymerase

(PARP) family enzymes, implicates in diverse functions
including modulation of the Wnt signaling, regulation of
telomere length, mediation of mitotic progression and
control of insulin-stimulated glucose uptake27. High-
throughput analysis of potential circ5615-regulated
mRNA and further GO enrichment analysis revealed
circ5615 was involved in cell growth, mitotic cytokinesis,
and cellular response to insulin stimulus (Fig. 5b), indi-
cating the consistency with the function of TNKS.
Meanwhile, miRNA prediction algorithm and gene
expression validation implied TNKS served as a potential
miR-149-5p target. The direct interaction was further
determined by miRNA pull-down assay (Fig. 5g, h), sug-
gesting that TNKS, targeted by miR-149-5p, was an
important downstream effector of circ5615.
Deregulated Wnt pathway activity implicates in various

cancers and ninety percent of CRC patients have a
mutation in key regulatory factors of the Wnt/β-catenin
pathway, leading to activation of the pathway44–47. As
TNKS is identified to stabilize β-catenin by stimulating
AXIN degradation, multiple small-molecule TNKS inhi-
bitors have been developed, however, there remain limits
on clinical application28,29,48,49. Both western blot and
Immunofluorescence assays demonstrated circ5615 had
effects on Wnt/β-catenin pathway (Fig. 6a, d and Sup-
plementary Fig. 4d). Furthermore, rescue experiment
revealed that circ5615 significantly attenuated the sup-
pression of miR-149-5p on TNKS and knockdown of
TNKS significantly attenuated the effects of circ5615 on
Wnt/β-catenin signaling (Fig. 6g), suggesting that
circ5615 promoted CRC progression via a miR-149-5p-
TNKS-dependent mechanism. Crucially, application of
therapeutic ASO targeting circ5615 significantly reduced
tumor volume with the effect on Wnt signal pathway,
providing new insight into TNKS-suppressive therapy.
In conclusion, our study demonstrated that circ5615

competitively bounded miR-149-5p to inhibit the sup-
pressing effect on TNKS, then promoted CRC progression
via Wnt/β-catenin pathway. Our findings expanded the
understanding of the underlying mechanism of CRC and
provided a novel potential target for CRC.

Materials and methods
Tissues and cell lines
All paired samples of tumorous tissues (T) and adjacent

nontumorous tissues (N) were obtained from surgical

resections of CRC patients without preoperative treat-
ment at the Department of Thoracic Surgery, Nanjing
Medical University Affiliated Cancer Hospital (Nanjing,
China). The samples were confirmed by two experienced
pathologists independently and stored at −80 °C in
RNAlater Stabilization Solution (Invitrogen, USA) until
use. Written informed consent was obtained from all
patients. Collection of human tissue samples wad con-
ducted in accordance with the International Ethical
Guidelines for Biomedical Research Involving Human
Subjects. This study was approved by the Ethics Com-
mittee of the Nanjing Medical University Affiliated Can-
cer Hospital and was performed in accordance with the
provisions of the Ethics Committee of Nanjing Medical
University.
Human CRC cells (HCT 116, LoVo, HT-29, and

SW480) were provided by Stem Cell Bank, Chinese
Academy of Sciences. NCM460 and HEK-293T were
obtained from Jiangsu Key Lab of Cancer Biomarkers of
Nanjing Medical University. HCT 116; HT-29 and
NCM460 cells were cultured in McCoy’s 5A medium;
LoVo cell was cultured in F-12K medium and HEK-293T
was cultured in DMEMmedium with 10% FBS. They were
all cultured at 37 °C with 5% CO2. SW480 cell was cul-
tured in Leibovitz’s L-15 medium with 10% FBS in a free
gas exchange with atmospheric air. All cells were tested
negative for mycoplasma contamination.

CircRNA microarray analysis
For circRNA microarray analysis, total RNAs were iso-

lated from the paired tissue samples of five CRC patients
by TRIzol reagent (Invitrogen). The sample preparation
and microarray hybridization were performed based on
the Arraystar’s standard protocols. Briefly, total RNAs
were digested with Rnase R (Epicentre, USA). Then, the
enriched circular RNAs were amplified and transcribed
into fluorescent cRNA. The labeled cRNAs were hybri-
dized onto the Arraystar Human circRNA Array (8 × 15K,
Arraystar). After having washed the slides, the arrays were
scanned by the Agilent Scanner G2505C. Agilent Feature
Extraction software was used to analyze acquired array
images. Quantile normalization and subsequent data
processing were performed using the R software package.
Significant differential expressed transcripts were
screened by fold change ≥1.5 or ≤0.67 and p-value ≤0.05.
For mRNA microarray analysis, total RNAs was

amplified and transcribed into cRNA, which was then
labeled and purification. After hybridized onto he Affy-
metrix PrimeView Human Gene Expression Array and
washed, the arrays were scanned by GeneChip Scanner
3000 and analyzed with the Affymetrix GeneChip Com-
mand Console Software. Quantile normalization and
subsequent data processing were performed using the
SAM R software package.
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RNA sequencing analysis
Total RNA in SW480 cells with circ5615 knockdown

was isolated using the Trizol (invitrogen) according to the
manufacturer’s protocol. After assessment of RNA purity
and integrity, rRNAs were removed from Total RNA
(EpicentreRibo-Zero rRNA Removal Kit, illumine, USA).
Subsequently, the purified RNAs were subjected to first
strand and second strand cDNA synthesis following by
adapter ligation and enrichment with a low-cycle
according to instructions of NEBNext Ultra RNA
Library Prep Kit for Illumina (NEB, USA). The purified l
library products were evaluated using the Agilent 2200
TapeStation and Qubit2.0(Life Technologies, USA) and
then diluted to 10 pM for cluster generation in situ on the
pair-end flow cell followed by sequencing (2 × 150 bp)
HiSeq3000. HISAT2 was used to align the clean reads to
the mouse reference genome mm10 with default para-
meters. HTSeq was subsequently employed to convert
aligned short reads into read counts for each gene model.
Differential expression was assessed by DEseq using read
counts as input. The Benjamini–Hochberg multiple test
correction method was enabled. Differentially expressed
genes were chosen according to the criteria of fold change
>2 and adjusted p-value < 0.05.

Preparation of RNA and RT-PCR
Total RNAs were extracted from cells/tissues using

Trizol reagent (Invitrogen) according to the manu-
facturer’s instruction. The subcellular localization was
detected using PARIS Kit (Ambion, USA). Genomic
DNA (gDNA) was extracted from cells according to the
PureLink Genomic DNA Mini Kit protocol (Invitrogen).
For RNase R treatment, 2 μg of total RNA was incubated
30 min at 37 °C with or without 3 U/μg of RNase R
(Epicentre), and the resulting RNA was subsequently
purified using an RNeasy MinElute cleaning Kit (Qiagen,
USA). RT-PCR were performed as described pre-
viously16. The cDNA and gDNA PCR products were
investigated using 2% agarose gel electrophoresis.
GAPDH, ACTB, and snRNA U6 were used as internal
standards. For calculation of circ5615 and miR-149-5p
copy numbers, amplified circ5615 and miR-149-5p form
cDNAs were purified, serially diluted to be as templates
for RT-PCR. Standard curves were drawn according to
the Ct values at different concentrations. Primers and
oligonucleotide sequence are listed in Supplementary
Table 4.

Actinomycin D assay
HCT 116 cells were exposed to 2 μg/ml actinomycin D

(Sigma, USA) at indicated time point. Then the cells
were harvested, and total RNA was extracted. The sta-
bility of circ5615 and NFATC3 mRNA was analyzed by
RT-PCR.

Oligonucleotide and vector transfection
siRNA, ASO, and miRNA mimics were synthesized by

Ribobio (China). The cells were transfected using Lipo-
fectamine RNAiMax (Invitrogen). For circ5615 expression
vector, the full-length cDNA of human circ5615 was
synthesized and cloned into the expression vector pAV-
circRNA (Vigene, China). The final construct was verified
by sequencing.
For luciferase reporter vector, the sequence of circ5615

and TNKS 3′UTR was cloned into the downstream of
pGL3-promoter. Mutations of miRNA-binding sites in
circ5615 and TNKS 3′UTR sequence were generated
using Mutagenesis Kit (Vazyme, China). Cells were
transfected using Lipofectamine 3000 (Invitrogen) and
harvested for experiment after 24 h.

Fluorescence in situ hybridization and
Immunofluorescence
FAM-labeled circ5615 probe and CY3-labeled miR-149-

5p probe were synthesized by Servicebio (China). Briefly,
samples were fixed in 4% paraformaldehyde and digested
with proteinase K. After prehybridization for 1 h, samples
were hybridized with specific probes at 37 °C overnight.
For Immunofluorescence, cells were fixed, washed three
times with PBS and blocked in BSA. After incubated
overnight at 4 °C with primary antibodies in blocking
buffer, cells were washed three times with PBS and
incubated with fluorophore-conjugated secondary anti-
bodies in blocking buffer for 1 h at room temperature.
Cell nuclei were stained with DAPI. After washed, the
images were acquired by Zeiss LSM710 confocal micro-
scope system (Leica Microsystems, USA).

Cell proliferation, cell cycle, and apoptosis assays
Cell proliferation was examined using EdU assay

(RiboBio) and real time cell analyzer system (ACEA
Biosciences, USA) following the research protocol affor-
ded by the manufacturer. Colony formation assays were
performed to monitor CRC cell cloning capability. For cell
cycle analysis, cells were labeled with PI/RNase Staining
Buffer (BD Bioscience, USA) according to the manu-
facturer’s instructions. The DNA content was determined
using flow cytometry (FACScan; BD Biosciences) equip-
ped with CellQuest software (BD Biosciences). For cell
apoptosis assay, cells were double stained with Annexin-
V-PE (BD Biosciences) and propidium iodide (PI) (Sigma)
following the manufacturer’s instructions. Finally, cell
apoptosis was analyzed by FACS scan flow cytometer.

Tissue microarray and chromogenic in situ hybridization
Tissue microarray (TMA) was performed as described

previously50 and constructed by ninety-nine pairs of
colorectal cancer tissues and adjacent nontumor tissues.
For CISH, digoxigenin-labeled probe targeted circ5615
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(5′-TCTGGCTCAAGATCGAAATATAGGGGTG-3′)
was synthesized. Briefly, after dewaxing and rehydration, the
samples were digested with proteinase K, fixed in 4% par-
aformaldehyde, prehybridized at 37 °C and hybridized with
the digoxin-labeled probe overnight at 55 °C. The samples
were washed and then incubated at 37 °C with an anti-
digoxin mAb (Roche, USA). The sections were stained with
Diaminobenzidine (DAB, DAKO, Denmark) and observed.

RNA immunoprecipitation
The EZMagna RIP Kit (Millipore, USA) was used fol-

lowing the manufacturer’s protocol. Cell extract was
incubated with magnetic beads conjugated with AGO2 or
IgG antibody (Millipore). The beads were washed and
incubated with Proteinase K to remove proteins. Finally,
purified RNA was detected by RT-PCR analysis.

RNA pull-down assay
Biotin-labeled circ5615 probe (5′-ATCTGGCTCAA-

GATCGAAAT-3′-biotin) was synthesized by RiboBio,
and the assay was performed as previously described51.
Briefly, SW480 cells were fixed by 1% formaldehyde for
10minutes, lysed, and sonicated. After centrifugation,
20 μL of the supernatant was retained as input and the
remaining part was incubared with a circ5615-specific
probe-streptavidin M-280 dynabeads (Invitrogen) mixture
overnight at 30 °C. The beads-RNA mixture was washed
and incubated with 200 μl of lysis buffer and proteinase K
to reverse the formaldehyde crosslinking. Finally, the
mixture was added with Trizol for RNA extraction and
detection. For miRNA pull-down assays, 3′ end biotiny-
lated miRNA Mimic (RiboBio) was transfected into CRC
cells at a final concentration of 20 nM by RNAiMax
(Invitrogen) following the manufactures protocol. After
24 h, cells were lysed in lysis buffer described above and
the same pull-down procedure was performed.

Luciferase activity assays
HEK-293T cells were seeded in 96-well plates at a

density of 5 × 103 cells per well. After 24 h, the cells were
co-transfected with a mixture of 50 ng Firefly luciferase
reporter vectors, 5 ng Renila luciferase reporter vectors,
and miRNA mimics at the indicated concentration. The
luciferase activity was measured with Dual Luciferase
Assay Kit (Promega, USA). For comparison, the Firefly
luciferase activity was normalized relative to Renila luci-
ferase activity.

Western blot analysis
Western blotting were performed according to standard

protocols as described previously50 and primary anti-
bodies used were listed as follows: TNKS (proteintech,
18030-1-AP, China), AXIN2 (proteintech, 20540-1-AP),

β-catenin (Cell Signaling Technology, 8480, USA),
CCND1 (Abcam, ab134175, USA), Fibrillarin (Abcam,
ab166630), GAPDH (Cell Signaling Technology, 2118S),
and β-actin (Abcam, ab6276).

Xenograft model
Animal experiments were conducted according to the

Institute for Laboratory Animal Research Guide for the
Care and Use of Laboratory Animals and followed pro-
tocols approved by the Animal Committee of Nanjing
Origin Biosciences. In total, 4–6-week-old BALB/c male
nude mice (Beijing Vital River Laboratory Animal Tech-
nology, China) were used for the xenograft model. In all,
5 × 106 HCT 116 cells transfected with circ5615 over-
expressed vector or control vector were suspended in
200 μl PBS and inoculated into the right flank of the mice.
Mice were monitored twice every week for tumor growth.
After 30 days the mice were sacrificed. For xenograft
model of circ5615 ASO: 5 × 106 SW480 cells were sub-
cutaneously injected into a single flank of the mice. Two
weeks later, mice with palpable tumors were randomly
divided into two groups, 30 nmol circ5615 ASO-circ5615
and ASO-NC was intratumorally injected into the two
groups twice per week for 3 weeks. After mice were killed,
tumors were weighed and processed for further histolo-
gical analysis. Tumor volume was calculated as follows: V
(volume)= (length × width2)/2.

Statistical analysis
Results are presented as mean ± standard deviation of the

mean. Statistical analyses were performed using SPSS
25 software (Abbott Laboratories) and differences between
groups were assessed by Student’s t-test. A probability of
0.05 or less was considered statistically significant.

Acknowledgements
This work was supported by grants from the National Natural Science
Foundation of China (81602145, 8180110902, 8167101715, and 8160101912),
Jiangsu Provincial Natural Science Foundation (BK20171509 to L.Y.), Jiangsu
Provincial Medical Youth Talent, The Project of Invigorating Health Care
through Science, Technology Education (QNRC2016649 to L.Y.), the China
Postdoctoral Science Foundation (2018M632265 to L.Y.), and The Talents
Program of Jiangsu Cancer Hospital (YC201812 to L.Y.).

Conflict of interest
The authors declare that they have no conflict of interest.

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

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-020-2514-0).

Received: 30 December 2019 Revised: 17 April 2020 Accepted: 17 April
2020

Ma et al. Cell Death and Disease          (2020) 11:356 Page 13 of 14

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-020-2514-0
https://doi.org/10.1038/s41419-020-2514-0


References
1. Bray, F. et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence

and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 68,
394–424 (2018).

2. Kerr, J., Anderson, C. & Lippman, S. M. Physical activity, sedentary behaviour,
diet, and cancer: an update and emerging new evidence. Lancet Oncol. 18,
e457–e471 (2017).

3. Grasso, C. S. et al. Genetic mechanisms of immune evasion in colorectal
cancer. Cancer Discov. 8, 730–749 (2018).

4. Kristensen, L. S. et al. The biogenesis, biology and characterization of circular
RNAs. Nat. Rev. Genet. https://doi.org/10.1038/s41576-019-0158-7 (2019).

5. Li, X., Yang, L. & Chen, L. L. The biogenesis, functions, and challenges of circular
RNAs. Mol. Cell 71, 428–442 (2018).

6. Jeck, W. R. et al. Circular RNAs are abundant, conserved, and associated with
ALU repeats. RNA 19, 141–157 (2013).

7. Hansen, T. B. et al. Natural RNA circles function as efficient microRNA sponges.
Nature 495, 384–388 (2013).

8. Hsiao, K. Y. et al. Noncoding effects of circular RNA CCDC66 promote colon
cancer growth and metastasis. Cancer Res. 77, 2339–2350 (2017).

9. Chen, Z. et al. Hsa_circ_101555 functions as a competing endogenous RNA of
miR-597-5p to promote colorectal cancer progression. Oncogene 38,
6017–6034 (2019).

10. Xia, P. et al. A circular RNA protects dormant hematopoietic stem cells from
DNA sensor cGAS-mediated exhaustion. Immunity 48, 688–701.e687 (2018).

11. Holdt, L. M. et al. Circular non-coding RNA ANRIL modulates ribosomal RNA
maturation and atherosclerosis in humans. Nat. Commun. 7, 12429 (2016).

12. Legnini, I. et al. Circ-ZNF609 is a circular RNA that can be translated and
functions in myogenesis. Mol. Cell 66, 22–37.e29 (2017).

13. Yang, Y. et al. Novel role of FBXW7 circular RNA in repressing glioma
tumorigenesis. J. Natl Cancer Inst. https://doi.org/10.1093/jnci/djx166 (2018).

14. Li, Y. et al. Circular RNA is enriched and stable in exosomes: a promising
biomarker for cancer diagnosis. Cell Res. 25, 981–984 (2015).

15. Dong, R., Ma, X.-K., Chen, L.-L. & Yang, L. Increased complexity of circRNA
expression during species evolution. RNA Biol. 14, 1064–1074 (2017).

16. Qiu, M. et al. The circular RNA circPRKCI promotes tumor growth in lung
adenocarcinoma. Cancer Res. 78, 2839–2851 (2018).

17. Chen, C. Y. & Sarnow, P. Initiation of protein synthesis by the eukaryotic
translational apparatus on circular RNAs. Science 268, 415–417 (1995).

18. Chen, X. et al. circRNADb: a comprehensive database for human circular RNAs
with protein-coding annotations. Sci. Rep. 6, 34985 (2016).

19. Kristensen, L. S., Okholm, T. L. H., Veno, M. T. & Kjems, J. Circular RNAs are
abundantly expressed and upregulated during human epidermal stem cell
differentiation. RNA Biol. 15, 280–291 (2018).

20. Zheng, Q. et al. Circular RNA profiling reveals an abundant circHIPK3 that
regulates cell growth by sponging multiple miRNAs. Nat. Commun. 7, 11215
(2016).

21. Yu, C. Y. et al. The circular RNA circBIRC6 participates in the molecular circuitry
controlling human pluripotency. Nat. Commun. 8, 1149 (2017).

22. Betel, D., Koppal, A., Agius, P., Sander, C. & Leslie, C. Comprehensive modeling
of microRNA targets predicts functional non-conserved and non-canonical
sites. Genome Biol. 11, R90 (2010).

23. Xia, S. et al. CSCD: a database for cancer-specific circular RNAs. Nucleic Acids
Res. 46, D925–D929 (2018).

24. Li, J. H., Liu, S., Zhou, H., Qu, L. H. & Yang, J. H. starBase v2.0: decoding miRNA-
ceRNA, miRNA-ncRNA and protein-RNA interaction networks from large-scale
CLIP-Seq data. Nucleic Acids Res. 42, D92–97 (2014).

25. Huang da, W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4,
44–57 (2009).

26. Agarwal, V., Bell, G. W., Nam, J. W. & Bartel, D. P. Predicting effective microRNA
target sites in mammalian mRNAs. eLife https://doi.org/10.7554/eLife.05005
(2015).

27. Riffell, J. L., Lord, C. J. & Ashworth, A. Tankyrase-targeted therapeutics:
expanding opportunities in the PARP family. Nat. Rev. Drug Discov. 11,
923–936 (2012).

28. Lau, T. et al. A novel tankyrase small-molecule inhibitor suppresses APC
mutation-driven colorectal tumor growth. Cancer Res. 73, 3132–3144
(2013).

29. Huang, S. M. et al. Tankyrase inhibition stabilizes axin and antagonizes Wnt
signalling. Nature 461, 614–620 (2009).

30. Tetsu, O. & McCormick, F. Beta-catenin regulates expression of cyclin D1 in
colon carcinoma cells. Nature 398, 422–426 (1999).

31. Le, B. T. et al. Antisense oligonucleotides targeting angiogenic factors
as potential cancer therapeutics. Mol. Ther. Nucleic Acids 14, 142–157
(2019).

32. Yu, L. et al. The circular RNA Cdr1as act as an oncogene in hepato-
cellular carcinoma through targeting miR-7 expression. PLoS ONE 11,
e0158347 (2016).

33. Chen, X. et al. PRMT5 circular RNA promotes metastasis of urothelial
carcinoma of the bladder through sponging miR-30c to induce
epithelial-mesenchymal transition. Clin. Cancer Res. 24, 6319–6330
(2018).

34. Vo, J. N. et al. The landscape of circular RNA in cancer. Cell 176, 869–881 e813
(2019).

35. Li, Z. et al. Exon-intron circular RNAs regulate transcription in the nucleus. Nat.
Struct. Mol. Biol. 22, 256–264 (2015).

36. Kristensen, L. S., Hansen, T. B., Venø, M. T. & Kjems, J. Circular RNAs in cancer:
opportunities and challenges in the field. Oncogene 37, 555–565 (2018).

37. Siegel, R. L. et al. Colorectal cancer statistics, 2017. CA Cancer J. Clin. 67,
177–193 (2017).

38. Peuker, K. et al. Epithelial calcineurin controls microbiota-dependent intestinal
tumor development. Nat. Med. 22, 506–515 (2016).

39. Salmena, L., Poliseno, L., Tay, Y., Kats, L. & Pandolfi, PierP. A ceRNA hypothesis:
the Rosetta stone of a hidden RNA language? Cell 146, 353–358 (2011).

40. Thomson, D. W. & Dinger, M. E. Endogenous microRNA sponges: evidence
and controversy. Nat. Rev. Genet. 17, 272–283 (2016).

41. Wang, F. et al. SP1 mediates the link between methylation of the tumour
suppressor miR-149 and outcome in colorectal cancer. J. Pathol. 229, 12–24
(2013).

42. Chan, S. H. et al. MicroRNA-149 targets GIT1 to suppress integrin signaling and
breast cancer metastasis. Oncogene 33, 4496–4507 (2014).

43. Luo, G. et al. miR-149 represses metastasis of hepatocellular carcinoma
by targeting actin-regulatory proteins PPM1F. Oncotarget 6,
37808–37823 (2015).

44. White, B. D., Chien, A. J. & Dawson, D. W. Dysregulation of Wnt/beta-
catenin signaling in gastrointestinal cancers. Gastroenterology 142,
219–232 (2012).

45. Casas-Selves, M. et al. Tankyrase and the canonical Wnt pathway protect lung
cancer cells from EGFR inhibition. Cancer Res. 72, 4154–4164 (2012).

46. Clevers, H. & Nusse, R. Wnt/beta-catenin signaling and disease. Cell 149,
1192–1205 (2012).

47. Nusse, R. & Clevers, H. Wnt/beta-catenin signaling, disease, and emerging
therapeutic modalities. Cell 169, 985–999 (2017).

48. Chen, B. et al. Small molecule-mediated disruption of Wnt-dependent
signaling in tissue regeneration and cancer. Nat. Chem. Biol. 5, 100–107
(2009).

49. Mizutani, A. et al. RK-287107, a potent and specific tankyrase inhibitor, blocks
colorectal cancer cell growth in a preclinical model. Cancer Sci. 109,
4003–4014 (2018).

50. Yang, X. et al. Glypican-5 is a novel metastasis suppressor gene in non-small
cell lung cancer. Cancer Lett. 341, 265–273 (2013).

51. Han, D. et al. Circular RNA circMTO1 acts as the sponge of microRNA-9 to
suppress hepatocellular carcinoma progression. Hepatology 66, 1151–1164
(2017).

Ma et al. Cell Death and Disease          (2020) 11:356 Page 14 of 14

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1093/jnci/djx166
https://doi.org/10.7554/eLife.05005

	circ5615 functions as a ceRNA to promote colorectal cancer progression by upregulating TNKS
	Introduction
	Results
	Expression profiles of circRNAs in colorectal cancer
	Characterization of circ5615 in colorectal cancer
	Circ5615 expression correlated with poor clinical outcome
	Circ5615 promoted the malignant phenotype of colorectal cancer cell lines in�vitro
	Circ5615�served as a sponge for miR-149-5p
	MiR-149-5p decreased TNKS expression
	Wnt/&#x003B2;nobreak-nobreakcatenin pathway was activated by circ5615 through TNKS
	Circ5615 promoted cell proliferation via the circ5615-miR-149-5p-TNKS axis
	circ5615 promoted colorectal cancer tumorigenesis in�vivo and served as a potential therapeutic target

	Discussion
	Materials and methods
	Tissues and cell lines
	CircRNA microarray analysis
	RNA sequencing analysis
	Preparation of RNA and RT-PCR
	Actinomycin D assay
	Oligonucleotide and vector transfection
	Fluorescence in�situ hybridization and Immunofluorescence
	Cell proliferation, cell cycle, and apoptosis assays
	Tissue microarray and chromogenic in�situ hybridization
	RNA immunoprecipitation
	RNA pull-down assay
	Luciferase activity assays
	Western blot analysis
	Xenograft model
	Statistical analysis

	Acknowledgements




