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Circ_0026416 downregulation blocks 
the development of colorectal cancer 
through depleting MYO6 expression 
by enriching miR-545-3p
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Abstract 

Background:  Emerging evidence reveals that the initiation and development of human cancers, including colorectal 
cancer (CRC), are associated with the deregulation of circular RNAs (circRNAs). Our study intended to disclose the role 
of circ_0026416 in the malignant behaviors of CRC.

Methods:  The detection for circ_0026416 expression, miR-545-3p expression, and myosin VI (MYO6) mRNA expres-
sion was performed using quantitative real-time PCR (qPCR). CCK-8 assay, colony formation assay, transwell assay, 
and flow cytometry assay were applied for functional analysis to monitor cell proliferation, migration, invasion, and 
apoptosis. The protein levels of MYO6 and epithelial mesenchymal-transition (EMT) markers were detected by west-
ern blot. Mouse models were used to determine the role of circ_0026416 in vivo. The potential relationship between 
miR-545-3p and circ_0026416 or MYO6 was verified by dual-luciferase reporter assay and RIP assay.

Results:  The expression of circ_0026416 was increased in CRC tumor tissues and cell lines. Circ_0026416 down-
regulation inhibited CRC cell proliferation, colony formation, migration, invasion, and EMT but induced cell apoptosis 
in vitro, and circ_0026416 knockdown also blocked tumor growth in vivo. MiR-545-3p was a target of circ_0026416, 
and rescue experiments indicated that circ_0026416 knockdown blocked CRC development by enriching miR-
545-3p. In addition, miR-545-3p targeted MYO6 and inhibited MYO6 expression. MiR-545-3p enrichment suppressed 
CRC cell malignant behaviors by sequestering MYO6. Importantly, circ_0026416 knockdown depleted MYO6 expres-
sion by enriching miR-545-3p.

Conclusion:  Circ_0026416 downregulation blocked the development of CRC through depleting MYO6 expression 
by enriching miR-545-3p.

Highlights:  1.	 Circ_0026416 downregulation inhibits CRC development in vitro and in vivo.
2.	 Circ_0026416 regulates the expression of MYO6 by targeting miR-545-3p.
3.	 Circ_0026416 governs the miR-545-3p/MYO6 axis to regulate CRC progression.
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Introduction
Colorectal cancer (CRC) has an increasing incidence 
in recent years, mainly due to poor diet, poor lifestyle, 
smoking, and physical inactivity [1]. CRC has been the 
third most common cancer in 2020, accounting for 10% 
of all cancer cases, and the second cause of cancer-related 
death [2]. A better understanding of CRC genomics has 
recently emerged, with promising therapeutic implica-
tions [3]. Emerging evidence suggests that the develop-
ment of high-precision non-invasive screening tests using 
biomarkers to predict the risk of CRC or the early pres-
ence may contribute to the diagnosis and clinical practice 
of cancer, such as programmed cell death protein 1 (PD-
1) and Na+/Ca2+ exchangers (NCXs) [3–6]. The etiol-
ogy of CRC is complex, and further research is needed to 
elucidate the pathogenesis of CRC from various perspec-
tives to improve the outcomes of CRC treatment.

Circular RNAs (circRNAs) are covalently closed non-
coding RNA molecules, deriving from a canonical splic-
ing mechanism [7]. CircRNAs display high extent of 
tissue specificity and high stability compared to linear 
molecules [8]. Accordingly, circRNAs are regarded as 
promising non-invasive biomarkers of human cancers 
[9]. CircRNAs have been confirmed to be involved in 
various signaling pathways that are crucial in human 
diseases [10]. Besides, circRNAs are key regulators in 
cancer cell proliferation, motility, apoptosis, and angio-
genesis [8]. In CRC, numerous circRNAs have been 
identified to be deregulated, and their functions have 
been partly clarified [11–13]. For example, circ_0053277 
was overexpressed in CRC, and its knockdown inhibited 
CRC cell proliferation and migration [11]. Circ_0006401 
displayed high expression in CRC, and its knockdown 
blocked tumor cell proliferation and liver metastasis 
in vivo [12]. Nonetheless, there are still numerous circR-
NAs with unclear functions. To date, numerous differen-
tially expressed genes (DEGs) can be acquired from Gene 
Expression Omnibus (GEO) database or TCGA database, 
and various models used for the prognostic prediction of 
CRC were established based on these DEGs [14–18]. A 
dataset (GSE77661) from GEO database provides numer-
ous circRNAs with aberrant expression in diverse cancer 
tissues. Among these circRNAs, circ_0026416 was shown 
to have aberrantly upregulated in CRC tissues. It is of 
great importance to explore the role of circ_0026416 in 
CRC, and the molecular mechanism of circ_0026416 in 
CRC needs further investigation.

The molecular sponge effects of circRNA on micro-
RNAs (miRNAs) are widely demonstrated to illustrate 

the functional mode of circRNAs in biological processes 
[19]. For example, miR-132-3p was a tumor suppressor in 
CRC, and circ_0020397 aggravated CRC cell malignant 
properties via acting as miR-132-3p sponge to sequester 
miR-132-3p expression [20]. By bioinformatics analy-
sis, we screened the target miRNAs of circ_0026416 and 
found that miR-545-3p was previously shown to inhibit 
cell proliferation in CRC [21]. Therefore, we determined 
the relationship between circ_0026416 and miR-545-3p 
in CRC development. MiRNAs are well-recognized to 
regulate gene expression by binding to gene 3′ untrans-
lated region (3′UTR) [22, 23]. Myosin VI (MYO6) was 
predicted as a target gene of miR-545-3p, and the onco-
genic effect of MYO6 in CRC was widely documented 
[24, 25]. Thus, we explored the interaction between miR-
545-3p and MYO6 in CRC to further disclose the func-
tional mechanism of circ_0026416 in CRC.

The present study investigated the detailed func-
tions of circ_0026416 in CRC cells and mouse models 
in vivo. Importantly, this study proposed a new network, 
circ_0026416/miR-545-3p/MYO6, to partly clarify the 
mechanism of circ_0026416 function in CRC, aiming 
to provide a theoretical basis for circ_0026416 as a bio-
marker in CRC.

Materials and methods
Specimen collection
Tumor tissues and corresponding normal (non-tumor) 
tissues were collected from a total of 43 CRC patients 
who underwent surgery at the Second Affiliated Hospital 
of Shandong University of Traditional Chinese Medicine. 
Patients never received any preoperative treatments. 
The characteristics of tumor tissues and normal tissues 
were identified by histopathology, and the clinicopatho-
logic characteristics of these patients and the correlation 
between circ_0026416 expression and these characteris-
tics were shown in Table 1. The collection of specimens 
was approved by all patients with written informed 
consent. Specimens were frozen in liquid nitrogen and 
placed in − 80 °C conditions. This study was permitted by 
the Ethics Committee of the Second Affiliated Hospital of 
Shandong University of Traditional Chinese Medicine.

Cell lines
HCT116 (Bena, Beijing, China), DLD-1 (Bena), and 
HCT-8 (Bena) were cultured in RPMI-1640 medium 
(GIBCO, Grand Island, NY, USA) supplemented with 
10% FBS. SW480 (Bena) was cultured in DMEM 
(GIBCO) containing 10% FBS. Human normal colonic 
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epithelial cell (NCM460; Bluefbio, Shanghai, China), used 
as a non-cancer control, was cultured in DMEM plus 10% 
FBS. Human umbilical vein endothelial cells (HUVECs; 
Bena) were cultured in Ham’s F-12 K medium (GIBCO) 
containing 10% FBS. These cells were maintained in a cell 
incubator at 37 °C supplied with 5% CO2.

Quantitative real‑time PCR (qPCR)
Trizol reagent (Solarbio, Beijing, China) was utilized 
for total RNA isolation. For cDNA synthesis, a kit from 
Vazyme (Nanjing, China) named HiScript III 1st Strand 
cDNA Synthesis Kit, and a kit named miRNA 1st Strand 
cDNA Synthesis Kit (Vazyme) were applied using total 
RNA. Subsequently, AceQ Universal SYBR qPCR Mas-
ter Mix (Vazyme) was used for qPCR reaction. Relative 
expression was normalized using the 2−ΔΔCt method, with 
GAPDH (for circRNA and mRNA) or U6 (for miRNA) 
as the internal reference. The sequences of primers were 
exhibited below:

circ_0026416, F 5′-GAT​GAA​TGT​CAA​GCT​GGC​
CC-3′, and R 5′-TCA​TGT​AGG​CAG​CAT​CCA​CA-3′; 
KRT6C, F 5′-CTT​CCC​TGC​TCT​CCG​AGG​TA-3′, and R 
5′-TGC​TCA​GAT​GGG​GCA​GGT​AT-3′; miR-545-3p, F 
5′-GCG​CGT​CAG​CAA​ACA​TTT​ATT-3′, and R 5′-AGT​
GCA​GGG​TCC​GAG​GTA​TT-3′; MYO6, F 5′-AGA​ATC​
AGG​AGC​CGG​CAA​AA-3′, and R 5′-CCA​AAG​GCT​
TCT​AGG​AGT​GGG-3′; GAPDH, F 5′-ACA​GCC​TCA​
AGA​TCA​TCA​GC-3′, and R 5′-GGT​CAT​GAG​TCC​
TTC​CAC​GAT-3′; U6, F 5′-CTC​GCT​TCG​GCA​GCA​

CAT​ATACT-3′ and R 5′-ACG​CTT​CAC​GAA​TTT​GCG​
TGTC-3′.

RNase R digestion and ActD treatment
To ensure the existence of circ_0026416, total RNA was 
isolated and digested with RNase R (2 U/μg; Epicentre, 
Madison, WI, USA) for 30 min at 37 °C and next used for 
qPCR.

To check the stability of circ_0026416, Actinomycin 
D (10 μg/mL; Sigma-Aldrich, St. Louis, MO, USA) was 
added into culture medium to culture cells for the indi-
cated time (0, 4, 8, 12, or 24 h). RNA isolation was per-
formed using these cells at different time, and subsequent 
qPCR was conducted.

Cell transfection
Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, 
USA) was used for cell transfection. Simply put, cells 
were plated into 6-well plates (5 × 105 cells/well) and 
then transfected with oligonucleotides (50 nM) or vec-
tors (2 μg). Small interference RNA (siRNA) targeting 
circ_0026416 (si-circ_0026416) and its negative con-
trol (si-NC) were synthesized by Genepharma (Shang-
hai, China). MiR-545-3p mimic (miR-545-3p) and 
miR-545-3p inhibitor (anti-miR-545-3p) and their nega-
tive controls (miR-NC and anti-miR-NC) were provided 
by Ribobio (Guangzhou, China). MYO6 overexpression 
vector (pcDNA-MYO6) and its blank control (pcDNA-
con) were constructed by Genepharma.

CCK‑8 assay
After transfection, cells were plated in 96-well plates 
(5000 cells/well), with one sample in triplicate. Then, cells 
were continued to culture. CCK-8 reagent was used to 
treat cells at 0, 24, 48, or 72 h for 2 h. Subsequently, the 
absorbance at 450 nm was measured using a microplate 
reader (BioTek, Winooski, Vermont, USA).

Colony formation assay
After transfection, cells were plated in 6-well plates (200 
cells/well). Cells were cultured in 37 °C incubator con-
taining 5% CO2 for 12 days. The growth of colonies was 
observed every day. The surface of cell colonies was 
washed by PBS, fixed by methanol and stained with crys-
tal violet. The number of colonies was observed using a 
microscope (Leika, Wetzlar, Germany).

Transwell assay
Transwell chambers coated with or without Matrigel (BD 
Biosciences, Franklin Lakes, NJ, USA) were used for cell 
invasion or cell migration analysis. At 24 h post-trans-
fection, cells were collected and resuspended in serum-
depleted culture medium. Then, cells were transferred to 

Table 1  Association between circ_0026416 expression and 
clinical clinicopathological parameters of CRC​

CRC​ Colorectal cancer, TNM tumor-node-metastasis; *P < 0.05; aChi-square test

Parameter Total 
case (n = 
43)

Circ_0026416 expression P valuea

Low (n = 21) High (n = 22)

Age (years) 0.4503

  ≤60 20 11 9

  >60 23 10 13

Gender 0.6497

  Female 22 10 12

  Male 21 11 10

Tumor size 0.0003*

  ≤5 cm 20 16 4

  >5 cm 23 6 17

TNM stages 0.0014*

  I-II 20 15 5

  III-IV 23 6 17

Lymphatic metas-
tasis

<0.0001*

  Negative 20 17 3

  Positive 23 4 19
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the top of chambers, with culture medium supplemented 
with 10% FBS in the bottom of chambers. Cells in cham-
bers were cultured for 24 h to induce invasion or migra-
tion. Next, cells in the lower surface of chambers were 
fixed with methanol and stained with crystal violet. The 
magnification of 100× was used to capture the images of 
migration or invaded cells under a microscope.

Tube formation assay
Ninety-six-well plates were coated with Matrigel (60 μL/
well) and maintained at 37 °C incubator for 1 h. At 48 h 
post-transfection, tumor-conditioned medium (tumor 
supernatant: DMEM: FBS = 4:5:1) was prepared. 
HUVECs were cultured with tumor-conditioned medium 
and HUVEC suspension for 6 h. Five randomly selected 
fields were used to capture images of tube using an 
inverted microscope (magnification, × 40).

Flow cytometry assay
At 48 h post-transfection, the Annexin V-FITC Apoptosis 
Detection Kit (Beyotime, Shanghai, China) was used to 
monitor cell apoptosis using a flow cytometer (BD Bio-
sciences) according to the protocol from kit.

Western blot
Western blot was carried out as previously mentioned 
[24]. All antibodies were obtained from Abcam (Cam-
bridge, MA, USA), including anti-E-Cadherin (ab40772; 
dilution: 1/10,000), anti-vimentin (ab92547; dilution: 
1/2,000), anti-N-Cadherin (ab76011; dilution: 1/10,000), 
anti-MYO6 (ab230478; dilution: 1/1,000), and goat-anti 
rabbit secondary antibody (ab205718; dilution: 1/20,000).

Xenograft model
Lentivirus-packaged shRNA targeting circ_0026416 
(sh-circ_0026416) and sh-NC were provided by Genep-
harma. Nude mice (female, 6-week-old) were purchased 
from Vital River Animal Technology Co., Ltd. (Beijing, 
China) and divided into 2 groups (n = 6 per group). 
SW480 cells were infected with lentivirus-packaged sh-
circ_0026416 or sh-NC and subcutaneously injected into 
nude mice (2 × 106 cells/mouse). The condition of mice 
was observed every day. Tumor volume (length×width2 
× 0.5) was recorded once a week. After 4 weeks, all mice 
were euthanized to remove tumor tissues. The study of 
animal was approved by the Animal Care and Use Com-
mittee of the Second Affiliated Hospital of Shandong 
University of Traditional Chinese Medicine.

Dual‑luciferase reporter assay
The binding site between circ_0026416 and miR-545-3p 
was provided by circRNA interactome (https://​circi​
ntera​ctome.​nia.​nih.​gov/). The binding site between 

miR-545-3p and MYO6 3′UTR was provided by Tar-
getscan (http://​www.​targe​tscan.​org/​vert_​72/). The 
mutant-type sequences of circ_0026416 and MYO6 
3′UTR (mutation at miR-545-3p binding site) were syn-
thesized. Reporter plasmids, including circ_0026416 
WT, circ_0026416 MUT, MYO6 3′UTR WT and MYO6 
3′UTR MUT, were constructed into pmirGLO vec-
tor (Promega, Madison, WI, USA). HCT-8 and SW480 
cells were transfected with miR-545-3p or miR-NC and 
reporter plasmid and next incubated for 48 h. Cells were 
collected and used for luciferase activity analysis using 
the Dual-Luciferase Reporter Assay System (Promega).

RIP assay
Magna RIP™ Kit (Millipore, Billerica, MA, USA) was 
utilized for RIP assay. In brief, cells were lysed using RIP 
lysis solution, and cell lysates were incubated with pro-
tein A/G magnetic beads conjugated with Ago2 antibody 
(Millipore) or IgG antibody (Millipore). RNA complexes 
bound to beads were eluted and analyzed by qPCR.

Statistical analysis
Data were collected from at least three separate experi-
ments. The results were expressed as the mean ± stand-
ard deviation (SD). Differences in various groups were 
assessed by Student’s t-test or analysis of variance. Sta-
tistical analysis was conducted using GraphPad Prism 6 
(GraphPad Software, San Diego, USA), and figures were 
subsequently generated. P less than 0.05 was considered 
statistically significant.

Results
The expression of circ_0026416 was increased in CRC 
tumor tissues and cells
The clinical data in Table  1 displayed that high 
circ_0026416 expression was significantly associated 
with large tumor size, advanced TNM stages, and posi-
tive lymphatic metastasis. We examined the expres-
sion of circ_0026416 in clinical specimens and found 
that circ_0026416 expression was markedly enhanced 
in tumor tissues compared to normal tissues (Fig.  1A). 
Besides, circ_0026416 expression was also increased 
in CRC cell lines, including HCT-116, DLD-1, HCT-
8, and SW480 cells, particularly in HCT-8 and SW480 
cells (Fig.  1B). HCT-8 and SW480 cells were thus 
selected in the following assays. For the identifica-
tion of circ_0026416 existence and stability, we found 
that circ_0026416 was resistant to RNase R digestion, 
while KRT6C mRNA was notably digested by RNase R 
(Fig.  1C and D). In addition, after ActD treatment, the 
expression of circ_0026416 was hardly declined, while 
the expression of KRT6C mRNA was markedly reduced 
(Fig. 1E, F). These data verified the existence and stability 

https://circinteractome.nia.nih.gov/
https://circinteractome.nia.nih.gov/
http://www.targetscan.org/vert_72/
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of circ_0026416 and presented the high expression of 
circ_0026416 in CRC tissues and cells.

Circ_0026416 downregulation suppressed CRC cell 
malignant behaviors and solid tumor growth in vivo
HCT-8 and SW480 cells were transfected with si-
circ_0026416 or si-NC for functional analysis. Three dif-
ferent si-circ_0026416 oligonucleotides were synthesized 
to mediate circ_0026416 knockdown. The expression 
of circ_0026416 was strikingly decreased in HCT-8 and 
SW480 cells after si-circ_0026416 (or si-circ_0026416#1, 
si-circ_0026416#2) transfection (Fig.  2A; Figure S1A). 
In function, circ_0026416 downregulation suppressed 
the proliferative capacity and colony formation ability 
of HCT-8 and SW480 cells by CCK-8 and colony forma-
tion assays (Fig.  2B-D; Figure S1B-D). Transwell assay 
indicated that the migration and invasion abilities were 
markedly suppressed in HCT-8 and SW480 cells trans-
fected with si-circ_0026416 (Fig.  2E, F; Figure S1E and 
F). Tube formation assay showed that the downregula-
tion of circ_0026416 inhibited the number of branches 
of tubes, thus inhibiting angiogenesis (Fig.  2G; Figure 
S1G). Flow cytometry assay revealed that the apoptotic 
rate of HCT-8 and SW480 cells transfected with si-
circ_0026416 was strikingly promoted (Fig.  2H; Figure 

S1H). Moreover, EMT-related markers were also quan-
tified by western blot. The data showed that the level of 
E-Cadherin was enhanced, while the levels of vimentin 
and N-Cadherin were reduced in HCT-8 and SW480 
cells transfected with si-circ_0026416 (Fig.  2I, J; Figure 
S1I and J). Animal study was further conducted to deter-
mine the role of circ_0026416 in vivo. The data presented 
that circ_0026416 knockdown in SW480 cells markedly 
depleted tumor volume and tumor weight (Fig.  2K–M). 
The expression of circ_0026416 was strikingly decreased 
in sh-circ_0026416-treated tumor tissues (Fig. 2N). These 
data indicated that circ_0026416 downregulation sup-
pressed CRC cell malignant behaviors and solid tumor 
growth in vivo.

MiR‑545‑3p was a target of circ_0026416
Bioinformatics tool circular RNA interactome showed 
the binding site between circ_0026416 and miR-545-3p 
sequence fragments (Fig.  3A). The expression of miR-
545-3p was notably increased in HCT-8 and SW480 
cells transfected with miR-545-3p mimic compared to 
miR-NC (Fig.  3B). Dual-luciferase reporter assay pre-
sented that miR-545-3p transfected with circ_0026416 
WT significantly reduced luciferase activity in HCT-8 
and SW480 cells (Fig.  3C, D). RIP assay presented that 

Fig. 1  Circ_0026416 was upregulated in CRC, with high stability. A Circ_0026416 expression in clinical specimens was checked by qPCR. B 
Circ_0026416 expression in CRC cell lines and non-cancer cell line was checked by qPCR. C, D The existence of circ_0026416 was identified using 
RNase R. E, F The stability of circ_0026416 was identified using ActD. *P < 0.05
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circ_0026416 and miR-545-3p were abundantly enriched 
in anti-Ago2 RIP group compared to anti-IgG RIP group 
(Fig. 3E, F). The expression of miR-545-3p was remarka-
bly downregulated in tumor tissues and cell lines of CRC 
(Fig.  3G, H). Besides, miR-545-3p expression in tumor 
tissues was negatively correlated with circ_0026416 
expression (r = − 0.5758, P < 0.0001; Figure S2). The 
expression of miR-545-3p was strikingly decreased in 
HCT-8 and SW480 cells transfected with anti-miR-
545-3p (Fig.  3I). Moreover, miR-545-3p expression was 

markedly increased in HCT-8 and SW480 cells trans-
fected with si-circ_0026416 but partly repressed in 
HCT-8 and SW480 cells transfected with si-circ_0026416 
+ anti-miR-545-3p (Fig. 3J, K).

Circ_0026416 downregulation suppressed CRC cell 
malignant behaviors by enriching miR‑545‑3p
Function rescue experiments were performed to deter-
mine the relationship between circ_0026416 and 
miR-545-3p. CCK-8 assay and colony formation assay 

Fig. 2  Circ_0026416 downregulation inhibited CRC development in vitro and in vivo. A The expression of circ_0026416 in HCT-8 and SW480 cells 
after si-circ_0026416 transfection was checked by qPCR. B, C Cell proliferation was checked by CCK-8 assay. D Cell proliferation was also checked 
by colony formation assay. E, F Cell migration and cell invasion were examined using Transwell assay. G The ability of angiogenesis was checked by 
tube formation assay. H Cell apoptosis was examined using flow cytometry assay. I, J The protein levels of E-Cadherin, vimentin, and N-Cadherin 
were determined by western blot. K–M Animal study was performed to determine the role of circ_0026416 knockdown in vivo. N The expression of 
circ_0026416 in tumor tissues from animal model was checked by qPCR. *P < 0.05
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presented that cell proliferation and colony forma-
tion were suppressed in HCT-8 and SW480 cells trans-
fected with si-circ_0026416 but partly recovered in cells 
transfected with si-circ_0026416 + anti-miR-545-3p 
(Fig. 4A–C). Transwell assay manifested that cell migra-
tion and cell invasion were blocked in HCT-8 and SW480 
cells after circ_0026416 knockdown, and further miR-
545-3p downregulation partly enhanced cell migration 
and invasion (Fig. 4D, E). Tube formation assay revealed 
that the inhibition of miR-545-3p promoted angiogene-
sis that was inhibited by circ_0026416 knockdown alone 
(Fig. 4F). In addition, circ_0026416 knockdown-induced 
HCT-8 and SW480 cell apoptosis was largely allevi-
ated by miR-545-3p knockdown (Fig.  4G). Moreover, 
E-Cadherin level promoted in HCT-8 and SW480 cells 
transfected with si-circ_0026416 was partly repressed in 
HCT-8 and SW480 cells transfected with si-circ_0026416 
+ anti-miR-545-3p, while vimentin and N-Cadherin lev-
els suppressed in HCT-8 and SW480 cells transfected 
with si-circ_0026416 were partly recovered in HCT-8 
and SW480 cells transfected with si-circ_0026416 + 
anti-miR-545-3p (Fig.  4H, I). The data indicated that 

circ_0026416 downregulation suppressed CRC cell 
malignant behaviors by enriching miR-545-3p.

MiR‑545‑3p suppressed MYO6 expression
Bioinformatics tool Targetscan showed the binding 
site between miR-545-3p and MYO6 3′UTR, imply-
ing that MYO6 was a potential target of miR-545-3p 
(Fig.  5A). Dual-luciferase reporter assay showed that 
miR-545-3p transfected with MYO6 3′UTR signifi-
cantly reduced luciferase activity in HCT-8 and SW480 
cells (Fig. 5B, C). RIP assay displayed that miR-545-3p 
and MYO6 were markedly enriched in the anti-Ago2 
RIP group compared to anti-IgG RIP group (Fig.  5D, 
E). The expression of MYO6 mRNA was notably rein-
forced in tumor tissues (Fig. 5F), and the protein level 
of MYO6 was also notably reinforced in 6 randomly 
selected tumor tissues from CRC patients (Fig.  5G). 
The protein level of MYO6 was markedly enhanced in 
CRC cell lines (Fig. 5H). In addition, the protein level of 
MYO6 was largely increased in HCT-8 and SW480 cells 
after pcDNA-MYO6 transfection (Fig. 5I). The protein 
level of MYO6 was significantly declined in HCT-8 

Fig. 3  MiR-545-3p was a target of circ_0026416. A The binding site between miR-545-3p and circ_0026416 was provided by circRNA interactome. 
B The efficiency of miR-545-3p mimic was verified. C, D The relationship between miR-545-3p and circ_0026416 was confirmed by dual-luciferase 
reporter assay. E, F The relationship between miR-545-3p and circ_0026416 was confirmed by RIP assay. G, H MiR-545-3p expression in clinical 
specimens and cell lines was checked by qPCR. I The efficiency of miR-545-3p inhibitor was verified. J, K The expression of miR-545-3p in HCT-8 and 
SW480 cells transfected with si-circ_0026416 or si-circ_0026416 + anti-miR-545-3p was checked by qPCR. *P < 0.05
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and SW480 cells transfected with miR-545-3p alone 
but recovered in cells transfected with miR-545-3p 
+ pcDNA-MYO6 (Fig.  5J). The data mainly indicated 
that miR-545-3p targeted MYO6 and inhibited MYO6 
expression.

MiR‑545‑3p restoration inhibited CRC cell malignant 
behaviors by inhibiting MYO6 expression
CCK-8 assay and colony formation assay manifested 
that cell proliferative capacity and colony formation abil-
ity were notably inhibited in HCT-8 and SW480 cells 
transfected with miR-545-3p alone but partly recovered 
in cells transfected with miR-545-3p + pcDNA-MYO6 

(Fig. 6A–C). Transwell assay presented that the capacity 
of cell migration and cell invasion was notably seques-
tered in HCT-8 and SW480 cells transfected with miR-
545-3p alone but partly restored in cells transfected with 
miR-545-3p + pcDNA-MYO6 (Fig.  6D, E). Tube for-
mation assay indicated that angiogenesis in HCT-8 and 
SW480 cells was inhibited by miR-545-3p restoration but 
partially recovered by MYO6 reintroduction (Fig.  6F). 
Flow cytometry assay revealed that miR-545-3p resto-
ration-induced HCT-8 and SW480 cell apoptosis was 
relieved by the reintroduction of MYO6 (Fig. 6G). Addi-
tionally, the expression of E-Cadherin was increased, 
while the expression of vimentin and N-Cadherin was 

Fig. 4  Circ_0026416 knockdown inhibited CRC cell development by enriching miR-545-3p. In function rescue experiments, A, B cell proliferation 
was assessed by CCK-8 assay. C Colony formation assay was performed to monitor cell proliferation. D, E Cell migration and cell invasion were 
determined by Transwell assay. F The ability of angiogenesis was checked by tube formation assay. G Flow cytometry assay was conducted to assess 
cell apoptosis. H, I The protein levels of E-Cadherin, vimentin, and N-Cadherin were quantified by western blot. *P < 0.05
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decreased in HCT-8 and SW480 cells transfected with 
miR-545-3p alone. However, the expression of E-Cad-
herin was partly repressed, while the expression of 
vimentin and N-Cadherin was restored in HCT-8 and 
SW480 cells transfected with miR-545-3p + pcDNA-
MYO6 (Fig.  6H, I). The data revealed that miR-545-3p 
restoration inhibited CRC cell malignant behaviors by 
inhibiting MYO6 expression.

Circ_0026416 knockdown enriched miR‑545‑3p expression 
and thus inhibited MYO6 expression
We further examined the expression of MYO6 mRNA 
and protein in HCT-8 and SW480 cells transfected with 
si-circ_0026416 alone or si-circ_0026416 + anti-miR-
545-3p. The data showed that the mRNA and protein 
levels of MYO6 were strikingly decreased in HCT-8 and 
SW480 cells transfected with si-circ_0026416 alone but 
largely recovered in cells transfected with si-circ_0026416 
+ anti-miR-545-3p (Fig.  7A-D). The data indicated that 
circ_0026416 knockdown enriched miR-545-3p expres-
sion and thus inhibited MYO6 expression.

Discussion
Recently, the function of newly identified circRNAs in 
CRC has been declared by an increasing number of lit-
erature [26–28], which contributes to the understanding 
of CRC pathogenesis. Our study exploited the function of 
circ_0026416 whose expression was strengthened in CRC 
tissues and cells and found that circ_0026416 silencing 
inhibited CRC cell proliferation, migration, invasion, 
angiogenesis, and survival. In terms of mechanism, we 
identified that circ_0026416 was involved in CRC devel-
opment by regulating MYO6 expression via acting as 
miR-545-3p sponge. These results deepened our under-
standing of the role of circRNA in CRC progression.

Due to the advance of high-throughput RNA sequenc-
ing, a large number of circRNAs are considered to play 
important effects in cancer progression [29]. Based on 
this technology, circ_0026416 was identified to be mark-
edly upregulated in CRC tumor tissues in GEO data-
base (accession: GSE77661). A recent study reported 
that circ_0026416 expression was abnormally rein-
forced in tissues and plasma of CRC patients, and high 
circ_0026416 expression was linked to poor prognosis of 
CRC patients [30]. Further study manifested that the defi-
ciency of circ_0026416 inhibited CRC cell proliferation, 

Fig. 5  MYO6 was a target of miR-545-3p. A The binding site between MYO6 and miR-545-3p was provided by Targetscan. B, C The relationship 
between MYO6 and miR-545-3p was confirmed by dual-luciferase reporter assay. D, E The relationship between MYO6 and miR-545-3p was 
confirmed by RIP assay. F, G The expression of MYO6 mRNA and protein in clinical specimens was checked by qPCR and western blot. H The 
expression of MYO6 protein in CRC cell lines and non-cancer cell line was detected by western blot. I The expression of MYO6 protein in HCT-8 and 
SW480 cells transfected with pcDNA-MYO6 was checked by western blot. J The expression of MYO6 protein in HCT-8 and SW480 cells transfected 
with miR-545-3p alone or miR-545-3p + pcDNA-MYO6 was detected by western blot. *P < 0.05
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invasion, and solid tumor growth in vivo [30]. Consistent 
with this study, our functional experiments displayed that 
circ_0026416 downregulation repressed the prolifera-
tion, migration, invasion, and angiogenesis of HCT-8 and 
SW480 cells and blocked solid tumor growth in animal 
models. These findings highlighted the cancer-promoting 
effects of circ_0026416 in CRC. At present, gene therapy 
is a promising treatment for cancer, and the delivery of 
siRNA-mediated oncogene suppression based on nano-
technology is a new strategy for CRC therapy [31, 32]. 
This study hinted that siRNA-mediated circ_0026416 
inhibition might be a novel strategy to prevent the devel-
opment of CRC.

To address the action mechanism of circ_0026416 in 
CRC, we identified miRNAs targeted by circ_0026416. 
MiR-545-3p attracted our interest because the role of 
miR-545-3p had been mentioned in CRC. For example, 
miR-545-3p overexpression inhibited CRC cell prolifera-
tion and colony formation, and its overexpression also 
impeded tumor growth in vivo [21]. Besides, miR-545-3p 
enrichment effectively induced CRC cell cycle arrest at 
G1 phase [33]. Our study discovered that miR-545-3p 
deficiency partly reversed the effects of circ_0026416 
downregulation and recovered CRC cell malignant 
behaviors, while miR-545-3p restoration suppressed the 
growth, migration, invasion, and angiogenesis of CRC 
cells. Interestingly, miR-545-3p was also reported to 

Fig. 6  MiR-545-3p restoration blocked CRC cell malignant behaviors by targeting MYO6. In function rescue experiments, A, B cell proliferation was 
assessed by CCK-8 assay. C Cell proliferation was assessed by colony formation assay. D, E Cell migration and cell invasion were examined using 
Transwell assay. F The ability of angiogenesis was checked by tube formation assay. G Flow cytometry assay was conducted to assess cell apoptosis. 
H, I The protein levels of E-Cadherin, vimentin and N-Cadherin were quantified by western blot. *P < 0.05
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inhibit the progression of several other cancers, such as 
hepatocellular carcinoma and non-small cell lung can-
cer [34, 35], suggesting that miR-545-3p was a widely-
acknowledged tumor suppressor in cancers. Here, partial 
restoration was observed in rescue experiments, pos-
sibly because miR-545-3p was only one of the targets 
of circ_0026416, and all of these targets functioned in 
circ_0026416-mediated regulatory networks.

Further analysis identified that miR-545-3p inhibited 
MYO6 expression by binding to MYO6 3′UTR. The rein-
troduction of MYO6 abolished the effects of miR-545-3p 
restoration and restored the malignant behaviors of CRC 
cells. MYO6 was an oncogene, which had been demon-
strated in diverse cancers [36–38]. In CRC, the knock-
down of MYO6 was shown to repress CRC cell growth 
and promote cell apoptosis [24]. Moreover, MYO6 
was proposed to be involved in the circ_0000231/miR-
502-5p pathway in the regulation of CRC progression 
[39]. Similarly, we found that circ_0026416 downregula-
tion reduced the expression of MYO6 via enriching the 
level of miR-545-3p; thus, the circ_0026416/miR-545-3p/
MYO6 regulatory network was established. Our study 
highlighted that oncogenic MYO6 was suppressed by 
miR-545-3p, while circ_0026416 acted as miR-545-3p 
sponge to alleviate the suppression of MYO6, thus pro-
moting CRC carcinogenesis.

This study is only a preliminary study that illustrates the 
role of circ_0026416 in CRC, and the clinical application 
of circ_0026416 needs to be further exploited. Besides, 
the existing evidence published that some key regula-
tors in CRC tumorigenesis, such as epiregulin (EREG) 
and amphiregulin (AREG), were differently expressed 
in right- and left-sided cases of CRC, and the mutation 
rate of some oncogenes or tumor suppressor genes was 
various in different sidedness of CRC [40]. This suggested 
that the expression pattern might be different in in right- 
and left-sided CRC. However, there was a lack of data on 
the sidedness of CRC, and we thus did not assess the dif-
ference of circRNA role in right- and left-sided cases. The 
future work should attach importance to these issues.

Conclusion
In summary, our study discovered that circ_0026416 
downregulation inhibited CRC cell malignant behav-
iors in  vitro and solid tumor growth in  vivo. Impor-
tantly, we provided a new mechanism that circ_0026416 
knockdown suppressed CRC development by depleting 
MYO6 via enriching miR-545-3p. We mainly defined 
that circ_0026416 was a carcinogenic driver in CRC, 
and circ_0026416 promoted CRC progression partly 
by targeting the miR-545-3p/MYO6 pathway. Further 

Fig. 7  Circ_0026416 indirectly regulated MYO6 expression by targeting miR-545-3p. A, B The expression of MYO6 mRNA and protein in HCT-8 
cells transfected with si-circ_0026416 or si-circ_0026416 + anti-miR-545-3p was detected by qPCR and western blot. C, D The expression of MYO6 
mRNA and protein in SW480 cells transfected with si-circ_0026416 or si-circ_0026416 + anti-miR-545-3p was detected by qPCR and western blot. 
*P < 0.05
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extensive in-depth studies are required to confirm these 
findings. All in all, this study hints that the inhibition of 
circ_0026416 mediated by siRNA may be a promising 
approach for CRC therapy.
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