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ABSTRACT
Increasing evidence has indicated the implications of circular RNAs (circRNAs) in the development 
of colorectal cancer (CRC). In this study, we investigated the functional role and mechanism of 
circ_0089153 in CRC pathogenesis. The expression levels of circ_0089153, microRNA (miR)-198, 
and SUMO-specific peptidase 1 (SENP1) were gauged by quantitative real-time PCR (qRT-PCR) or 
western blot. Cell proliferation, sphere formation, tube formation, and apoptosis abilities were 
detected by 5-Ethynyl-2�-Deoxyuridine (EdU), sphere formation, tube formation, and flow cyto-
metry assays, respectively. The direct relationship between miR-198 and circ_0089153 or SENP1 
was verified by dual-luciferase reporter and RNA immunoprecipitation (RIP) assays. The mouse 
xenograft assays were performed to evaluate the role of circ_0089153 in vivo. Our data showed 
that circ_0089153 was overexpressed in CRC tissues and cells. Depletion of circ_0089153 
repressed cell proliferation, sphere formation ability, and enhanced cell apoptosis, as well as 
inhibited tube formation in vitro. Moreover, circ_0089153 depletion diminished tumor growth 
in vivo. Mechanistically, circ_0089153 targeted miR-198, and the effects of circ_0089153 were 
mediated by miR-198. SENP1 was identified as a direct and functional target of miR-198. 
Circ_0089153 worked as a competing endogenous RNA (ceRNA) to post-transcriptionally regulate 
SENP1 expression by miR-198. Our findings identify circ_0089153 as a novel regulator of CRC 
development through the regulation of the miR-198/SENP1 axis and establish a strong rationale 
for developing circ_0089153 as a promising therapeutic against CRC.
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Introduction

Colorectal cancer (CRC) remains a major cause of 
cancer death all over the world [1,2]. Although the 
treatment options, such as surgical local excision and 
radiochemotherapy, can control many non- 
metastatic tumors effectively, they have limited uti-
lity in curbing the advanced and metastatic CRC 
[2,3]. Significant players of colorectal tumorigenesis 
and CRC progression, including microRNAs 
(miRNAs) and circular RNAs (circRNAs), are 
under intensive exploration at present [4–7]. 
Identifying the precise, critical actions of these reg-
ulatory RNAs will provide a new opportunity for the 
development of molecularly targeted therapies.

Covalently closed circRNAs are formed by a non- 
canonical back-splicing of pre-mRNA transcripts 

[8]. Intense studies have documented the roles of 
circRNAs as post-transcriptional regulators by oper-
ating as competing endogenous RNAs (ceRNAs) for 
miRNAs [9]. Moreover, the importance of the 
ceRNA regulatory networks has been highlighted 
in human cancers [9–12], including CRC [13,14]. 
For instance, Liu et al. established that circ_100146 
worked as a ceRNA for miR-149 to contribute to the 
development of CRC [15]. Fang et al. uncovered 
that circ_100290 exerted a strong oncogenic activity 
in CRC by inducing frizzled class receptor 4 (FZD4) 
expression through miR-516b competition [16]. 
Moreover, Xie et al. ascertained that circ_0000467 
sponged miR-382-5p to upregulate engrailed-2 
expression and thus contributed to CRC develop-
ment [14]. Conversely, Li and colleagues showed 
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that circRNA integrin subunit alpha 7 (circITGA7) 
functioned as an anti-tumor factor in CRC via reg-
ulating ITGA7 expression by competing for binding 
to miR-370-3p [17]. Circ_0089153, produced by 
head-to-tail splicing of exons of nucleoporin 214 
(NUP214) mRNA, is found to be overexpressed in 
colon cancer tissues by using circRNA microarray 
analysis [18]. Nonetheless, no reports demonstrated 
whether aberrant circ_0089153 expression is cau-
sally involved in the development of CRC.

MiRNAs have been shown to serve as tumor dri-
vers or suppressors in CRC [4]. Examples of anti-CRC 
miRNAs include miR-195-5p and miR-4319 [19,20]. 
Conversely, the oncomirs miR-96, miR-221, and 
miR-222 are overexpressed in CRC and associated 
with the metastatic potential [21,22]. MiR-198, one 
of the top 10 miRNAs down-regulated in CRC, has 
been established as a potent tumor inhibitor in CRC 
[23,24]. In a preliminary survey for targeted miRNAs 
of circ_0089153 using target prediction program 
circInteractome [25], we observed a putative miR- 
198 binding region within circ_0089153. Thus, we 
set to examine whether miR-198 can work as 
a molecular mediator of circ_0089153 function.

SUMO-specific peptidase 1 (SENP1), a member 
of de-SUMOylation protease family, is frequently 
overexpressed in many types of cancer cells and 
functions as a strong oncogenic promoter in these 
cancers [26–28]. Moreover, SENP1 has been docu-
mented to contribute to colorectal carcinogenesis 
[29,30]. In a preliminary survey for the miR-198 
molecular target, we found a putative miR-198 
binding site within the 3�untranslated region 
(3ʹUTR) of SENP1.

In this study, we investigated the activity of 
circ_0089153 in CRC progression and examined 
whether the miR-198/SENP1 axis is involved in 
the regulation of circ_0089153, with the hope 
that such ceRNA crosstalk might a provide insight 
into the causal mechanism of CRC progression.

Materials and methods

Human subject study

In this study, we obtained 50 pairs of colorectal pri-
mary tumors and adjacent noncancerous colorectal 
tissues (~3 cm away from tumors) from CRC patients 
undergoing colorectal resection in the First Affiliated 

Hospital of Wenzhou Medical University. None of the 
patients received any conventional treatment before 
surgery. The clinical features of these patients were 
shown in Table 1. We confirmed tumor tissues by 
staining for cell proliferation using the cell-cycle mar-
ker Ki67 with anti-Ki67 antibody (ab15580, 1:100 
dilution; Abcam, Cambridge, UK), biotinylated goat 
anti-rabbit IgG secondary antibody (ab64256, 1:300 
dilution; Abcam), and a 3,3-diaminobenzidine (DAB) 
Kit (Vector Laboratories, Peterborough, UK), which 
was processed by immunohistochemistry using stan-
dard method [31]. Human tissue samples were used 
to evaluate the levels of circ_0089153, miR-198, and 
SENP1. The study protocol was approved by the 
Ethics Committee of the First Affiliated Hospital of 
Wenzhou Medical University and informed consent 
was provided by all subjects.

Cell lines

We obtained normal colonic epithelial FHC cells, 
HCT116, and SW480 CRC cells, and human 
umbilical vein endothelial cells (HUVECs) from 
American Type Culture Collection (ATCC, 
Manassas, VA, USA). Standard cell culture med-
iums provided by ATCC were used to propagate 
these cells as per the accompanying instructions. 
All cells were maintained in a fully humidified 
incubator of 5% CO2 at 37°C.

Transient transfection of cells

We subcloned human SENP1 (Accession: 
NM_001267595.2) coding sequence (lacking the 
3ʹUTR) and a nontarget control sequence, synthesized 

Table 1. Correlation between circ_0089153 expression and the 
clinical features of CRC patients (n = 50).

Clinical feature

Circ_0089153 expression (n)

High Low P value

Age 0.9453
≤50 years 13 10
>50 years 15 12

Gender 0.5356
Female 14 15
Male 12 9

TNM stage <0.0001
I+ II 5 20
III 22 3

Tumor size (cm) 0.0003
≤3 7 15
>3 23 5
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by Genewiz (Suzhou, China), into EcoR I and Xba 
I sites into the pcDNA3.1(+) vector (T7 promoter, 
Life Technologies, Tokyo, Japan) to create an over-
expression plasmid (pc-SENP1) and a control plasmid 
(pc-NC), respectively. We designed circ_0089153 
small interfering RNA (siRNA) (si-circ_0089153, 
CUAAAUCCCUGGGGAGAGCCU) to knock 
down circ_0089153 and used a scrambled nontarget 
sequence (si-NC, CAAUAACGCAGCGCAC 
ACCGU) as the negative control. We employed 
a chemically modified miR-198 mature sequence (5ʹ- 
GGUCCAGAGGGGAGAUAGGUUC-3ʹ) to mimic 
miR-198. The sequence of miR-198 inhibitor (5ʹ- 
GAACCUAUCUCCCCUCUGGACC-3ʹ) was the 
exact antisense of the mature miR-198 sequence. All 
oligonucleotides, including miRNA NC control (5ʹ- 
ACGUGACACGUUCGGAGAATT-3ʹ) and inhibi-
tor NC control (5ʹ-CAGUACUUUUGUGUAG 
UACAA-3ʹ), were synthesized by HanBio (Shanghai, 
China).

SW480 and HCT116 cells were plated at 1 × 105 

cells/well in 24-well culture dishes before 24 h 
transfection with 60 nM of siRNA or/and 30 nM 
of miRNA mimic or/and 40 nM of miRNA inhi-
bitor or/and 100 ng of plasmid using 
Lipofectamine 2000 as described by the manufac-
turers (Thermo Fisher Scientific, Leiden, the 
Netherlands). Following a 6-h incubation period, 
the media were replaced with a fresh growth med-
ium, and the cells were harvested 24 h later.

RNA preparation and Ribonuclease (RNase) 
R assay

We prepared total RNA from cultured cells and 
tissue samples with the RNeasy Mini Kit as per the 
manufacturing protocols (Qiagen, Courtaboeuf, 
France). Total RNA (3 µg) of HCT116 and SW480 
cells was incubated with or without 10 U of RNase 
R for 10 min at 37°C as recommended by the man-
ufacturers (Geneseed, Guangzhou, China). RNA was 
then subjected to reverse transcription (RT) PCR 
and quantitative real-time PCR (qRT-PCR) as below.

qRT-PCR

cDNA was synthesized from total RNA using ran-
dom hexamers with PrimeScript RT Reagent Kit 
(TaKaRa, Beijing, China; for circ_0089153, 

NUP214, or SENP1 analysis) or stem-loop RT 
primers and miScript II RT Kit (Qiagen; for 
miR-198 analysis). qRT-PCR was performed on 
a StepOnePlus PCR System (Applied Biosystems, 
Rotkreuz, Switzerland) using a SYBR Green mix 
(TaKaRa) and specific primers (Supplement Table 
S1). Threshold cycle (Ct) was normalized to β- 
actin or U6 expression, and fold changes in gene 
expression were evaluated by the 2−ΔΔCt 

method [32].

5-Ethynyl-2ʹ-Deoxyuridine (EdU) assay

Cell proliferation was evaluated by EdU assay [33] 
with the Cell-Light EdU Apollo488 In Vitro Kit 
(Ribobio, Guangzhou, China) and 4,6-diamidino- 
2-phenylindole (DAPI, GlpBio, Montclair, NJ, 
USA). Transfected SW480 and HCT116 cells 
were seeded into 24-well dishes at 1 × 105 cells/ 
well and cultured overnight at 37°C. Afterward, 
the media were replaced by the fresh growth med-
ium containing EdU (50 mM). The cells were then 
stained with Apollo488 and the cell nuclei were 
stained with DAPI. The proportion of EdU- 
positive cells relative to total nuclei was deter-
mined under a fluorescence reverse microscope 
(Nikon, Tokyo, Japan).

Sphere formation assay

Sphere formation ability of transfected cells was 
measured by sphere formation assay [34]. Briefly, 
transfected SW480 and HCT116 cells (4 × 103 

cells/well) were seeded into 6-well ultralow attach-
ment plates (Corning, Avon, France) in serum-free 
medium containing 20 ng/mL of recombinant 
human epidermal growth factor (EGF, Sigma- 
Aldrich, Tokyo, Japan), B27 (1:50 dilution; Life 
Technologies), and 10 ng/mL of bFGF recombi-
nant human protein (R&D Systems, Abingdon, 
UK). The media were changed every 3 days. 
After 10 days of growth, the wells with positive 
sphere formation were scored under a 100X 
microsphere (Nikon).

Tube formation assay

Tube formation assays were performed under 
standard protocols [35]. In brief, transfected 
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SW480 and HCT116 cells were maintained in 
standard growth medium at 37°C. When the cells 
reached approximately 85% confluence, the media 
were replaced by the non-serum medium. After 
48 h of incubation, the medium supernatant was 
harvested. HUVECs (1 × 103) were suspended in 
200 µL of the medium supernatant and plated in 
96-well dishes pre-coated with Matrigel (BD 
Biosciences, Cowley, UK). Following a 12-h incu-
bation period, images were photographed under 
a 100X inverted microscope. Using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, 
USA), we quantified the number of the formed 
tubes in 10 randomly selected fields.

Flow cytometry for cell apoptosis

Apoptosis of transfected cells was assessed by flow 
cytometry using standard protocols [15]. 
Transfected SW480 and HCT116 cells were double 
stained with Annexin V-fluorescein isothiocyanate 
(FITC)/propidium iodide (PI), processed as 
recommended by the manufacturers (BD 
Biosciences). Data were analyzed on a flow cyt-
ometer (Epics XL-MCL, Beckman Coulter, 
Krefeld, Germany) with FlowJo 10.0 software 
(FlowJo LLC, Ashland, OR, USA). We considered 
the cells that were both PI and Annexin V positive 
or PI negative and Annexin V positive as apoptotic 
cells.

Western blot

For total protein preparation, we used radio 
immunoprecipitation assay (RIPA) buffer with 
protease/phosphatase inhibitor cocktail as per the 
manufacturing guidance (Roche, Basel, 
Switzerland). Equivalent amounts of protein were 
resolved by electrophoresis and immunoblotted by 
a standard protocol [15]. Antibodies against B cell 
lymphoma-2 (Bcl-2, PA5-27,094, 1:2,000 dilution; 
Life Technologies), SENP1 (ab108981, 1:3,000 
dilution; Abcam), Bcl-2 associated X, apoptosis 
regulator (Bax, PA5-11,378, 1:2,000 dilution; Life 
Technologies), and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH, ab9485, 1:2,500 dilution; 
Abcam) loading buffer were used. Quantification 
of protein bands was done by densitometry using 
ImageJ software.

Bioinformatics

We searched the circInteractome prediction web 
(https://circinteractome.nia.nih.gov/) to predict 
the miRNAs that potentially bind to 
circ_0089153. Analysis of the miRNA-binding 
sites to human 3�UTRs was carried out using 
target prediction program TargetScan 7.2 (http:// 
www.targetscan.org/vert_72/docs/help.html) with 
total context++ score < −0.30 and context++ 
score percentile > 90.

RNA immunoprecipitation (RIP) assay

RIP experiments [36] were performed to evaluate 
the possibility of the circ_0089153-miR-198 and 
miR-198-SENP1 3�UTR interactions. We pre-
pared the lysates of SW480 and HCT116 cells 
with RIPA buffer. Also, a complex of an antibody 
against Argonaute2 (Ago2, PA5-117,725, 1:200 
dilution; Life Technologies) or isotype control 
IgG (ab172730, 1:500 dilution; Abcam) and pro-
tein A/G beads (Sigma-Aldrich) was prepared at 
4°C for 4 h and added in the lysates, followed by 
the incubation at 4°C for 4 h. We harvested total 
RNA from the beads to quantify circ_0089153, 
miR-198, and SENP1 by qRT-PCR.

Dual-luciferase reporter assay

Our preliminary data showed that the copy number 
(absolute expression) of circ_0089153 is 484.3 for 
HCT116 cells and 571.3 for SW480 cells; the copy 
number (absolute expression) of miR-198 is 157 for 
HCT116 and 204.7 for SW480 cells (Supplement 
Figure S1). When we transfected miR-198 mimic 
into cells, miR-198 expression was significantly ele-
vated (~7.6-fold for HCT116 cells and ~10-fold for 
SW480 cells) (Figure 3(b)). Thus, in cells co- 
transfected with reporter construct and miRNA 
mimic, the number of miR-198 was much higher 
than that of circ_0089153. Although overexpression 
of miR-198 can engage higher association of 
circ_0089153, miR-198 can still bind to the pre-
dicted binding site in the reporter construct. Based 
on the fundamental, we carried out the dual- 
luciferase reporter assays as reported [14]. For 
circ_0089153 reporters, we inserted circ_0089153 
fragment harboring the predicted miR-198 pairing 
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sites (UCUGGAC, WT-circ_0089153) or a mutant 
containing a mutated seed sequence (AGACCUG, 
MUT-circ_0089153), synthesized by Genewiz, into 
Sac I and Pme I sites into the pMIR-REPORTTM 

reporter vector (CMV promoter, Ambion, Thermo 
Fisher Scientific). For SENP1-3ʹUTR reporters, we 
cloned a segment of human SENP1 3ʹUTR (WT- 
SENP1-3ʹUTR) or a mutant harboring a mutated 
target region (GACCUG, MUT-SENP1-3�UTR) 
into Sac I and Pme I sites of the pMIR- 
REPORTTM firefly luciferase vector. We transfected 
SW480 and HCT116 cells (1 × 105) with the indi-
cated reporter construct (200 ng), pRL-TK Renilla 
luciferase internal control vector (50 ng, Promega, 
Beijing, China), and miRNA mimic (30 nM) using 
Lipofectamine 2000. The cells were lysed after 48 h 
transfection and the ratio of firefly to Renilla luci-
ferase was gauged using the Dual-luciferase reporter 
assay as recommended by the manufacturers 
(Promega). Normalized firefly to Renilla ratios 
were determined in the presence or absence of 
miR-198 inhibition.

Generation of stable circ_0089153 knockdown 
cell line

Recombinant shRNA-circ_0089153 (sh- 
circ_0089153) expressing lentiviruses and control 
lentiviral particles (sh-NC) were purchased from 
Geneseed and used to infect SW480 cells based on 
the accompanying recommendations. To obtain 
a stable knockdown cell line, the infected cells were 
cultured in media containing 2 µg/mL of puromycin 
(Sigma-Aldrich) for 2 weeks.

Mouse xenograft

We used 12 six-eight-week-old BALB/c female 
nude mice (Jiangsu ALF Biotechnology Co., 
LTD., Nanjing, China) for examining the tumor-
igenicity of sh-circ_0089153-transduced or sh-NC- 
infected SW480 cells (6 mice per group). For 
xenograft formation, we gave BALB/c nude mice 
a 200 µL dose of phosphate buffered saline (PBS) 
containing 5 × 106 transduced SW480 cells by 
subcutaneous injection into the left flanks. 
Tumor volume measurement was periodically per-
formed (calculated volume = shortest diameter2 

× longest diameter/2). Four weeks after cell 

inoculation, the xenografts were excised from 
these experimental mice. Proliferation of the 
tumors was assessed with paraffin-embedded 
tumor tissues by immunohistochemistry under 
the standard method [31], using the anti-Ki67 
antibody (ab15580, 1:100 dilution; Abcam). All 
animal procedures complied with protocols 
approved by the Animal Care and Use 
Committee of the First Affiliated Hospital of 
Wenzhou Medical University.

Statistical analysis

The means ± standard error (SEM) of at least 3 
independent experiments performed in quadrupli-
cate were reported. Unless otherwise noted, we 
performed statistical analysis using an unpaired 
Student’s t-test (two-tailed) or a two-way analysis 
of variance (ANOVA) with Tukey’s post hoc test 
or Sidak’s multiple comparison test. P < 0.05 was 
regarded as significant.

Results

Circ_0089153 is highly expressed in CRC

Circ_0089153 exhibits increased expression in 
colon cancer tissues [18]. However, no reports 
demonstrated whether aberrant circ_0089153 
expression is causally involved in the development 
of CRC. To investigate the involvement of 
circ_0089153 in CRC progression, we firstly exam-
ined its expression pattern in 50 colorectal primary 
tumors paired with the adjacent normal tissues 
from the same patients. Tumor tissues were con-
firmed by staining for cell proliferation using the 
cell-cycle marker Ki67. CRC tissues had remarkably 
more cells stained for Ki67 staining than the normal 
controls (Figure 1(a)). Strikingly, circ_0089153 
expression was elevated in CRC tissues compared 
with the nontumor colorectal tissues (Figure 1(b)). 
Moreover, CRC cell lines (HCT116 and SW480) 
exhibited higher levels of circ_0089153 compared 
with the normal colonic FHC cells (Figure 1(c)). 
Using genomic DNA (gDNA) and cDNA from 
HCT116 and SW480 cells as templates, 
circ_0089153 was amplified by divergent primers 
on cDNA rather than gDNA (Supplement Figure 
S2(a) and S2b), indicating that circ_0089153 is 
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a bona fide circular transcript. To evaluate the 
RNase R resistance of circ_0089153, we adopted 
RNase R digestion experiments in HCT116 and 
SW480 cells. Circ_0089153, rather than the corre-
sponding NUP214 linear mRNA, was resistant to 
RNase R (Figure 1(d) and 1(e)), demonstrating that 
circ_0089153 has a higher tolerance to RNase 
R. Additionally, circ_0089153 expression was clo-
sely correlated with tumor TNM stage and size, 
rather than age and gender of patients (Table 1). 
These results together suggest that overexpression 
of circ_0089153 may play an important role in CRC 
development.

Silencing endogenous circ_0089153 regulates 
cell proliferation, apoptosis, sphere formation, 
and tube formation in vitro

Having demonstrated overexpression of circ_0089153 
in CRC, we hypothesized that different expression of 
circ_0089153 may be implicated in CRC development 
by influencing cell functional properties. In order to 
direct elucidate the functional role of circ_0089153 in 
CRC, we knocked down its expression in HCT116 
and SW480 cells, which express high levels of 
circ_0089153. The effectiveness of circ_0089153- 

siRNA (si-circ_0089153) in inhibiting circ_0089153 
expression was validated by qRT-PCR analysis 
(Figure 2(a)). EdU proliferation assays showed that 
silencing endogenous circ_0089153 markedly sup-
pressed cell proliferation as compared with that in 
the si-NC controls (Figure 2(b)). We then used sphere 
formation assays to examine the effect of 
circ_0089153 on cell sphere formation ability. 
Notably, circ_0089153 knockdown clearly reduced 
sphere numbers and sizes in both cell lines (Figure 2 
(c)). HUVECs, a type of vascular endothelial cells that 
can exert important functions in cancer angiogenesis, 
have been widely used to perform the tube formation 
assay in vitro [35,37]. Thus, we next incubated 
HUVECs with the medium supernatant of HCT116 
and SW480 cells transfected by si-circ_0089153 or si- 
NC to observe the effect of circ_0089153 on tube 
formation. Knocking down circ_0089153 strongly 
impeded tube formation of HUVECs (Figure 2(d)). 
Moreover, the cells with circ_0089153 depletion 
exhibited enhanced apoptosis rates compared with 
the controls (Figure 2(e)). Additionally, 
circ_0089153 silencing resulted in increased levels of 
pro-apoptotic protein Bax and decreased expression 
of anti-apoptotic protein Bcl-2 in HCT116 and 
SW480 cells (figure 2(f) and 2(g)), reinforcing that 

Figure 1. Circ_0089153 is overexpressed in CRC tissues and cell lines. (a) Representative images depicting the immunohistochem-
istry assay for Ki67 staining in colorectal primary tumors paired with the adjacent normal tissues from the same patients. (b) qRT-PCR 
analysis of circ_0089153 in 50 pairs of colorectal primary tumors and the adjacent noncancerous colorectal tissues. P-values based on 
an unpaired Student’s t-test (two-tailed). (c) The expression of circ_0089153 in normal colonic FHC cells, HCT116 and SW480 CRC 
cells by qRT-PCR analysis. P-values based on a two-way ANOVA with Sidak’s multiple comparison test. (d and e) RNase R assay 
showing the RNase R resistance of circ_0089153 in HCT116 and SW480 cells. P-values based on an unpaired Student’s t-test (two- 
tailed). *P < 0.05.
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circ_0089153 depletion enhanced cell apoptosis. 
Taken together, these data strongly establish the 
notion that silencing of circ_0089153 inhibits cell 
proliferation, sphere formation, and promotes cell 
apoptosis, as well as suppresses tube formation ability.

Circ_0089153 targets miR-198 by directly binding 
to miR-198

CircRNAs have been identified as crucial players in 
human tumorigenesis by acting as inhibitors of spe-
cific miRNAs. To understand the molecular mechan-
isms by which circ_0089153 regulates the functional 
properties of CRC cells, we considered its targeted 
miRNAs that directly bind to circ_0089153. Using 
the circInteractome prediction web, we found that 
seven predicted nucleotides (UCUGGAC) of 
sequence complementarity to the miR-198 target 
region (Figure 3(a)) within circ_0089153. To ascertain 
this, we cloned circ_0089153 fragment encompassing 
the putative target sequence into a luciferase reporter 

vector (WT-circ_0089153) and transfected it into 
HCT116 and SW480 cells together with miR-198 
mimic. The transfection efficiency of miR-198 
mimic was confirmed by qRT-PCR analysis 
(Figure 3(b)). Remarkably, the luciferase activity of 
the reporter construct appeared to be suppressed by 
miR-198 overexpression (Figure 3(c) and 3(d)). To 
determine whether the putative miR-198 complemen-
tary nucleotides are required for this effect, we gener-
ated a reporter mutation (MUT-circ_0089153) in the 
target region (Figure 3(a)). The reporter mutation 
carrying a mutated binding sequence (AGACCUG) 
was refractory to repression by miR-198 overexpres-
sion (Figure 3(c) and 3(d)). We then performed RIP 
experiments using an antibody against Ago2, which is 
the core component of the RNA-induced silencing 
complex (RISC), where miRNAs silence gene expres-
sion [38]. In comparison to the anti-IgG control, 
incubation of cell lysates with anti-Ago2 antibody 
led to a synchronous elevation in the enrichment 
levels of circ_0089153 and miR-198 (Figure 3(e) and 

Figure 2. Circ_0089153 affects cell proliferation, apoptosis, sphere formation, and tube formation in vitro. HCT116 and SW480 cells 
were transfected with si-circ_0089153 or si-NC. (a) The relative expression of circ_0089153 in transfected cells detected by qRT-PCR 
analysis. (b) Representative images showing a cell proliferation assay and cell proliferation by EdU assay. (c) Representative images 
depicting a sphere formation assay and cell sphere formation by sphere formation assay. (d) Representative images presenting the 
tube formation ability of HUVECs performed by incubating HUVECs with the medium supernatant of transfected cells. (e) 
Representative images depicting a cell apoptosis assay and flow cytometry for cell apoptosis. (f and g) Western blot showing the 
expression levels of Bax and Bcl-2 in transfected HCT116 and SW480 cells. *P < 0.05 based on a two-way ANOVA with Sidak’s 
multiple comparison test.
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3(f)). Analysis of miR-198 expression in CRC tissues 
and cell lines showed that miR-198 expression was 
significantly suppressed in colorectal primary tumors 
and CRC cells compared with their counterparts 
(Figure 3(g) and 3(h)). Intriguingly, we observed 
a remarkable up-regulation in the levels of endogen-
ous miR-198 in circ_0089153-silenced HCT116 and 
SW480 cells (Figure 3(i)). Collectively, these findings 
demonstrate that circ_0089153 can bind to miR-198 
and regulate miR-198 expression.

The effects of circ_0089153 on cell 
proliferation, apoptosis, sphere formation, and 
tube formation are mediated by miR-198 
in vitro

Having demonstrated that circ_0089153 targets 
miR-198, we next determined whether the effects of 
circ_0089153 are due to the alteration of miR-198. 
To elucidate this hypothesis, we reduced miR-198 
expression in circ_0089153-silenced cells with miR- 
198 inhibitor. The effectiveness of miR-198 inhibitor 

in repressing miR-198 expression was verified by 
qRT-PCR analysis (Figure 4(a)). Strikingly, reduced 
expression of miR-198 reversed si-circ_0089153- 
driven cell proliferation (Figure 4(b)) and sphere 
formation (Figure 4(c)) defects in HCT116 and 
SW480 cells. Down-regulation of miR-198 also 
markedly abolished circ_0089153 depletion- 
mediated suppression of tube formation of 
HUVECs (Figure 4(d)). Furthermore, reduced 
expression of miR-198 strikingly counteracted 
circ_0089153 silencing-induced promotion of apop-
tosis of HCT116 and SW480 cells (Figure 4(e-g)). All 
these results suggest that the effects of circ_0089153 
depletion may be due to, at least in part, the up- 
regulation of miR-198.

Circ_0089153 regulates SENP1 expression by 
operating as a ceRNA for miR-198

MiRNAs are crucial for neoplastic transformation 
and tumor progression because miRNAs can post- 
transcriptionally regulate entire sets of genes [38]. 

Figure 3. Circ_0089153 targets miR-198 to regulate miR-198 expression. (a) Sequence of miR-198, the putative miR-198 binding 
sequence within circ_0089153, and the mutation in the target sites. (b) qRT-PCR analysis showing the overexpression of miR-198 in 
HCT116 and SW480 cells transfected by miR-198 mimic or miRNA NC control. P-values based on a two-way ANOVA with Sidak’s 
multiple comparison test. (c and d) Dual-luciferase reporter assays in HCT116 and SW480 cells co-transfected with circ_0089153 
reporter construct (WT-circ_0089153) or the mutant reporter (MUT-circ_0089153) and miR-198 mimic or miRNA NC control. 
Normalized firefly to Renilla ratios were determined in the presence or absence of miR-198 inhibition. P-values based on a two- 
way ANOVA with Sidak’s multiple comparison test. (e and f) RIP experiments in HCT116 and SW480 cells performed by incubating 
cell lysates with antibody against Ago2 or IgG control. P-values based on a two-way ANOVA with Sidak’s multiple comparison test. 
The expression levels of miR-198 by qRT-PCR analysis in 50 pairs of colorectal primary tumors and the adjacent noncancerous 
colorectal tissues (g), normal colonic FHC cells, HCT116, and SW480 CRC cells (h), HCT116 and SW480 cells transfected by si-NC or si- 
circ_0089153 (i). P-values based on an unpaired Student’s t-test (two-tailed) or a two-way ANOVA with Sidak’s multiple comparison 
test. *P < 0.05.
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To identify the downstream effector of miR-198, 
we searched target prediction program TargetScan 
7.2. We found that a putative binding sequence for 
miR-198 was present in the 3ʹUTR of SENP1 
(Figure 5(a)). To test whether SENP1 is a target 
of miR-198, we subcloned the SENP1 3ʹUTR seg-
ment harboring the predicted miR-198 target 
sequence downstream of a luciferase reporter vec-
tor (WT-SENP1-3ʹUTR). In HCT116 and SW480 
cells, miR-198 overexpression significantly 
reduced luciferase activity in this construct 
(Figure 5(b) and 5(c)). However, the reduction 
was abrogated by a SENP1 3ʹUTR mutant reporter 
(MUT-SENP1-3ʹUTR) that contains specific point 
mutations in the predicted miR-198 binding 
sequence (Figure 5(b) and 5(c)), indicating the 
validity of the binding sites for interaction. RIP 

experiments showed that incubation of antibody 
against Ago2 caused a synchronous increase in the 
enrichment levels of miR-198 and SENP1 
(Figure 5(d) and 5(e)). The data of qRT-PCR and 
western blot assays revealed that SENP1 was strik-
ingly overexpressed in colorectal primary tumors 
and CRC cell lines compared with the correspond-
ing controls (figure 5(f-h)). We then analyzed 
SENP1 protein levels in HCT116 and SW480 
cells after overexpression of miR-198. By contrast, 
miR-198 overexpression remarkably repressed the 
levels of endogenous SENP1 protein in the two 
CRC cell lines (Figure 5(i)). All these data strongly 
suggest that SENP1 is directly targeted and inhib-
ited by miR-198.

Based on the preceding observations that 
circ_0089153 and SENP1 contain a shared binding 

Figure 4. Circ_0089153 silencing affects cell proliferation, apoptosis, sphere formation, and tube formation in vitro by increasing 
miR-198. (a) qRT-PCR analysis showing the down-regulation of miR-198 expression in HCT116 and SW480 cells transfected by 
inhibitor NC or miR-198 inhibitor. HCT116 and SW480 cells were transfected with si-NC, si-circ_0089153, si-circ_0089153+ inhibitor 
NC, or si-circ_0089153+ miR-198 inhibitor and checked for cell proliferation by EdU assay (b) and sphere formation ability by sphere 
formation assay (c). (d) Tube formation assay for tube formation ability of HUVECs incubated with the medium supernatant of 
HCT116 and SW480 cells transfected by si-NC, si-circ_0089153, si-circ_0089153+ inhibitor NC, or si-circ_0089153+ miR-198 inhibitor. 
HCT116 and SW480 cells were transfected with si-NC, si-circ_0089153, si-circ_0089153+ inhibitor NC, or si-circ_0089153+ miR-198 
inhibitor, followed by the determination of cell apoptosis by flow cytometry (e), Bax and Bcl-2 levels by western blot (f and g). 
P-values based on a two-way ANOVA with Sidak’s multiple comparison test. *P < 0.05.
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sequence (GACCUG) for miR-198, we next exam-
ined whether circ_0089153 could modulate SENP1 
expression by miR-198 competition. Notably, 
silencing endogenous circ_0089153 led to 
a reduction in the levels of SENP1 protein in 
HCT116 and SW480 cells (Figure 5(j)). To explore 
whether this effect was due to the elevation of 
miR-198, miR-198 inhibitor was co-transfected 
and assayed for SENP1 expression. Indeed, 
reduced expression of miR-198 abolished 
circ_0089153 depletion-mediated down- 
regulation of SENP1 protein expression (Figure 5 
(j)). Together, these findings point to the role of 
circ_0089153 as a ceRNA for miR-198 to modulate 
SENP1 expression.

MiR-198-mediated suppression of SENP1 
impacts cell proliferation, apoptosis, sphere 
formation, and tube formation in vitro

Our above data showed that SENP1 is a direct 
target of miR-198. In order to elucidate whether 
inhibition of SENP1 by miR-198 is responsible for 
the regulation of miR-198 on cell functional prop-
erties, we increased SENP1 expression using 
a SENP1 overexpression plasmid (pc-SENP1) lack-
ing the 3ʹUTR region in HCT116 and SW480 cells 
after overexpression of miR-198. The effectiveness 
of pc-SENP1 in increasing SENP1 expression was 
confirmed by western blot (Figure 6(a)). By con-
trast, overexpression of miR-198 strongly 

Figure 5. Circ_0089153 operates as a regulator of SENP1 expression by competing for binding to miR-198. (a) Sequence of miR-198, 
the putative binding sequence for miR-198 in the 3�UTR of SENP1 and the mutation in the seed region. (b and c) Dual-luciferase 
reporter assays in HCT116 and SW480 cells co-transfected with SENP1 3�UTR reporter construct (WT-SENP1-3�UTR) or the mutant 
reporter (MUT-SENP1-3�UTR) and miR-198 mimic or miRNA NC control. Normalized firefly to Renilla ratios were determined in the 
presence or absence of miR-198 inhibition. P-values based on a two-way ANOVA with Sidak’s multiple comparison test. (d and e) RIP 
experiments in HCT116 and SW480 cells performed by incubating cell lysates with antibody against Ago2 or IgG control. P-values 
based on a two-way ANOVA with Sidak’s multiple comparison test. qRT-PCR analysis of SENP1 mRNA and western blot of SENP1 
protein level in colorectal primary tumors and the adjacent noncancerous colorectal tissues (f and g), normal colonic FHC cells, 
HCT116, and SW480 CRC cells (h), HCT116 and SW480 cells transfected by miR-198 mimic or miRNA NC control (i), HCT116 and 
SW480 cells transfected with si-NC, si-circ_0089153, si-circ_0089153+ inhibitor NC, or si-circ_0089153+ miR-198 inhibitor (j). P-values 
based on an unpaired Student’s t-test (two-tailed) or a two-way ANOVA with Sidak’s multiple comparison test. *P < 0.05.

BIOENGINEERED 5673



suppressed cell proliferation (Figure 6(b)) and 
sphere formation (Figure 6(c)) in HCT116 and 
SW480 cells. Moreover, overexpression of miR- 
198 impeded tube formation of HUVECs com-
pared with the controls (Figure 6(d)). 
Additionally, increased expression of miR-198 
remarkably enhanced apoptosis of HCT116 and 
SW480 cells (Figure 6(e-g)). Furthermore, restored 
expression of SENP1 dramatically abolished these 
effects of miR-198 (Figure 6(b-g)). These findings 
together suggest that the effects of miR-198 may 
be at least partially due to the inhibition of SENP1.

Silencing of circ_0089153 impedes tumor 
growth in vivo

An important question was whether circ_0089153 
could affect the tumorigenicity of CRC cells 

in vivo. To address this possibility, we knocked 
down circ_0089153 expression in SW480 cells 
using shRNA-circ_0089153 (sh-circ_0089153) 
expressing lentiviruses and subcutaneously inocu-
lated sh-circ_0089153-transduced or sh-NC- 
infected SW480 cells into the nude mice. Sh- 
circ_0089153-transduced SW480 cells generated 
remarkably smaller tumors than the same cells 
infected with sh-NC controls (Figure 7(a) and 7 
(b). Moreover, qRT-PCR and western blot analyses 
showed that sh-circ_0089153-transduced SW480 
tumors exhibited lower levels of circ_0089153 
and SENP1 protein and higher expression of 
miR-198 compared with the controls (Figure 7 
(c-e)). Additionally, circ_0089153-silenced xeno-
grafts had markedly fewer cells stained for Ki67 
staining than the sh-NC controls (figure 7(f)), 
reinforcing that circ_0089153 depletion diminishes 

Figure 6. MiR-198 overexpression impacts cell proliferation, apoptosis, sphere formation, and tube formation in vitro by suppressing 
SENP1. (a) Western blot showing the up-regulation of SENP1 protein in HCT116 and SW480 cells transfected by SENP1 over-
expression plasmid (pc-SENP1) or pc-NC control plasmid. P-values based on a two-way ANOVA with Sidak’s multiple comparison test. 
HCT116 and SW480 cells were transfected with miRNA NC control, miR-198 mimic, miR-198 mimic+pc-NC, or miR-198 mimic+pc- 
SENP1, followed by the assessment of cell proliferation by EdU assay (b), and sphere formation ability by sphere formation assay (c). 
P-values based on a two-way ANOVA with Tukey’s post hoc test. (d) Tube formation assay for tube formation ability of HUVECs 
incubated with the medium supernatant of HCT116 and SW480 cells transfected with miRNA NC control, miR-198 mimic, miR-198 
mimic+pc-NC, or miR-198 mimic+pc-SENP1. P-values based on a two-way ANOVA with Tukey’s post hoc test. HCT116 and SW480 
cells were transfected with miRNA NC control, miR-198 mimic, miR-198 mimic+pc-NC, or miR-198 mimic+pc-SENP1 and checked for 
cell apoptosis by flow cytometry (e), Bax and Bcl-2 levels by western blot (f and g). P-values based on a two-way ANOVA with 
Tukey’s post hoc test. *P < 0.05.
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tumor growth. Taken together, these results sug-
gest that the suppression of tumor growth may be 
due to down-regulation of circ_0089153 and 
SENP1 and up-regulation of miR-198.

Discussion

CircRNAs have been implicated in the pathogen-
esis of human diseases, including CRC [39]. 
Emerging experimental evidence also shows the 
importance of the ceRNA activity of circRNAs in 
colorectal tumorigenesis [9,13]. Identifying the 
precise actions of circRNAs in CRC progression 
has been challenging. Here we showed, for the first 
time, the role of circ_0089153 as a novel regulator 
of CRC cell functional properties depending on 
the regulation of the miR-198/SENP1 axis.

Our results showed that circ_0089153 is over-
expressed in colorectal primary tumors and CRC 
cells. In agreement with our findings, dysregula-
tion of circ_0089153 has been reported in amelo-
blastoma and breast cancer [40,41]. Moreover, Li 
et al. uncovered that circ_0089153 functioned as 
an oncogenic driver in papillary thyroid cancer by 
sponging miR-145 to induce E-box binding 
homeobox 2 (ZEB2) expression [42]. Cancer 
stem cells (CSCs), a population of cells with stem 
cell-like properties, play essential roles in neoplas-
tic transformation and tumor progression [43]. 
Colorectal CSCs exert important effects on color-
ectal tumorigenesis [44]. Using sphere formation 

assays, we first demonstrated that circ_0089153 
depletion can weaken the stemness feature of 
CRC cells in vitro. Angiogenesis is one of the 
hallmarks of tumor, which contributes to tumor 
growth and progression [45]. Anti-angiogenic 
therapy has been accepted as a novel therapeutic 
strategy for cancer [46]. Using tube formation 
assays of HUVECs, we first uncovered that 
circ_0089153 silencing suppresses tumor angio-
genesis in vitro.

Numerous studies have documented the anti- 
tumor activity of miR-198 in human cancers, such 
as papillary thyroid cancer, prostate cancer, and 
lung adenocarcinoma [47–49]. Our results first 
ascertained that circ_0089153 directly targets 
miR-198, a potent tumor inhibitor in CRC 
[23,24]. Moreover, we first demonstrated the reg-
ulation of circ_0089153 in colorectal tumorigen-
esis through miR-198. Similarly, circ_0136666, 
a highly expressed circRNA in CRC, promotes 
CRC progression depending on the modulation 
of miR-198 [50].

SENP1 has been identified as a functionally 
downstream effector of miR-133a-3p and miR- 
193-5p in the context of repressing CRC cell 
growth [30,51]. In this study, we first identified 
SENP1 as a direct and functional target of miR- 
198. Similarly, Wang et al. uncovered that miR- 
198 exerted a strong anti-tumor activity in CRC by 
targeting fucosyl transferase 8 (FUT8) [23]. The 
miR-198/SENP1 and miR-198/FUT8 axes may be 

Figure 7. Knocking down circ_0089153 suppresses tumor growth in vivo. Subcutaneous tumors were produced by inoculating sh- 
circ_0089153-transduced or sh-NC-infected SW480 cells (5 × 106) into the flanks of BALB/c nude mice (6 mice per group) and 
harvested from the sacrificed mice at week 4 after implantation. (a) Representative images and growth curves of the tumors. (b) 
Average weight of the tumors at the end point. (c and d) qRT-PCR analysis of circ_0089153 and miR-198 expression in the excised 
xenografts. (e) Western blot showing SENP1 protein levels in the tumors. (f) Representative images showing Ki67 staining of sections 
of the tumors performed by immunohistochemistry. *P < 0.05 based on an unpaired Student’s t-test (two-tailed).
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two paralleled or interactional networks implicated 
in CRC development, which is expected to be 
further explored in future work. More impor-
tantly, we identified circ_0089153 as a ceRNA to 
regulate SENP1 expression by miR-198 competi-
tion. However, the in vivo direct evidence between 
tumor growth suppression and the circ_0089153/ 
miR-198/SENP1 ceRNA network is limited, which 
is expected to be studied in further work. A future 
challenge will be to determine how the novel 
ceRNA network regulates CRC progression 
in vitro and in vivo.

Additionally, our data revealed that tumor TNM 
stage and size, but not patient gender and age, sig-
nificantly affected the expression of circ_0089153 
(Table 1), which prompts that tumor TNM stage 
and size may influence the expression levels of miR- 
198 and the downstream signaling by affecting 
circ_0089153 expression. This novel ceRNA network 
may also exist in other normal tissues and cells, where 
the regulatory network is normally regulated and the 
expression of these molecules are normal. Therefore, 
the novel ceRNA network does not increase the sus-
ceptibility of other normal tissues and cells to cancer.

Conclusion

Collectively, we identify herein circ_0089153 as 
a novel regulator of CRC progression. We uncover 
a novel circ_0089153/miR-198/SENP1 ceRNA net-
work in CRC development. Since circ_0089153 deple-
tion suppresses tumor growth, the circ_0089153 
inhibitors appear to be promising candidates for the 
development of new anti-tumor therapies.

Highlights

(1) Circ_0089153 targets miR-198 by a specific binding site.
(2) SENP1 is a direct and functional of miR-198.
(3) Circ_0089153 acts as a ceRNA to regulate colorectal 
cancer development by the miR-198/SENP1 axis.
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