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Circular RNA hsa_circ_0064559 affects tumor
cell growth and progression of colorectal cancer
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Abstract

Background Colorectal cancer (CRC) is the second leading cause of cancer-related deaths globally. It is essential
to identify new CRC-associated therapeutic targets and diagnostic biomarkers. Previous studies have demonstrated
that a series of circular RNAs (circRNAs) play a crucial role in CRC pathogenesis. This study assessed the potential of
hsa_circ_0064559 in tumor cell growth and progression of CRC.

Methods Six pairs of matched CRC and normal colorectal tissue samples were sequenced using the Affymetrix
Clariom D array. Using RNA interference, the expression of thirteen circRNAs was knocked down in CRC cells. The
proliferation of CRC cell lines (RKO and SW620 cells) was detected using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) assay. Apoptosis and cell cycle were determined by flow-cytometric analysis. An in vivo
study uses nude mice to establish a CRC mouse model. The differentially expressed genes were analyzed using Affym-
etrix primeview human GeneChip array and verified by polymerase chain reaction.

Results Affymetrix Clariom D array analysis revealed that thirteen circRNAs were upregulated in CRC. The pro-
liferation of CRC cell lines was decreased, while the proportion of apoptotic and G1 phase cells was higher after
hsa_circ_0064559 knockdown. In vivo xenograft nude mice model revealed that the volume and weight of the
tumor were reduced by hsa_circ_0064559 knockdown. In Affymetrix primeview human GeneChip array, we found six
upregulated genes (STAT1, ATF2, TNFRSF10B, TGFBR2, BAX, and SQSTM1) and two downregulated genes (SLC4A7 and
CD274) related to apoptosis and proliferation of colorectal cancer cells after hsa_circ_0064559 knockdown.

Conclusions The hsa_circ_0064559 knockdown could inhibit the proliferation, promote apoptosis in CRC cell lines

in vitro, and inhibit the development of CRC tumors in vivo. The mechanism may be related to activating a wide range
of signaling pathways. The hsa_circ_0064559 may be a potential biomarker for early diagnosis or prognosis of CRC
and a novel drug target for CRC therapy.
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Introduction

With 1.8 million new cases and more than 860,000 fatali-
ties annually, colorectal cancer (CRC) is the second most
prevalent cancer-related mortality and the fourth most
common disease overall [1]. CRC is China’s most com-
monly diagnosed cancer and a significant public health
concern [1]. High-fat diets and an aging population
increased CRC incidence and mortality [2, 3]. A series of
risk factors for CRC, such as obesity, alcohol consump-
tion, smoking, and physical inactivity, have been investi-
gated in various populations [4—6]. However, an upward
trend in incidence has been reported in most developing
countries, and the etiology of CRC still needs to be bet-
ter understood [7-9]. Despite continuous advancements
in diagnosis and treatment approaches, CRC remains the
primary cause of death. Currently, biomarkers are indis-
pensable in the diagnosis and treatment of CRC patients.
Therefore, discovering new CRC-associated therapeutic
targets and diagnostic biomarkers will facilitate the early
detection and effective treatment of CRC.

As a class of evolutionarily conserved noncoding RNA,
circular RNAs (circRNAs) form nonlinear closed-loop
structures via bonds between their two ends, making
them stable [10]. Structure stability prevents circRNAs
from being easily degraded by RNA exonuclease and
acting as a long-lasting transcriptional regulator. With
the development of high-throughput microarray and
sequencing technologies [11], the expression pattern of
circRNAs has been unveiled in various pathological con-
ditions [12, 13]. Growing evidence has indicated the asso-
ciation between aberrant circRNAs profile and tumor
progression, metastasis, and recurrence [14—16]. For
instance, some circRNAs promote proliferation, invasion,
and metastasis, while evading apoptosis in renal cell car-
cinoma, hepatocellular carcinoma (HCC), non-small cell
lung cancer, and CRC [17]. Moreover, the expression of
circRNAs is dynamic during the chemotherapy of cancer
patients; therefore, detecting their expression in blood
and urine can predict tumor progression [18]. Thus,
discovering cancer-related circRNAs may contribute
to early diagnosis and prognostic evaluation of various

Table 1 The clinicopathological characteristics of the patients
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cancers. However, circRNAs involved in the development
and progression of CRC have yet to be investigated.

This study identified that hsa_circ_0064559 was
involved in cell growth, apoptosis, cell cycle, and tumor
development of CRC. These findings revealed a crucial
role of hsa_circ_0064559 as a potential regulatory factor
in the tumorigenesis and progression of CRC.

Materials and methods

Tissue specimens

Six pairs of fresh tumors and their adjacent (at least 5 cm
away) normal tissues were collected from CRC patients
who underwent surgical resection between 2016 and
2018 in the Third Affiliated Hospital of Shandong First
Medical University (Affiliated Hospital of Shandong
Academy of Medical Sciences). No patient had radio-
therapy or chemotherapy before the operation. Accord-
ing to the pathological stage, the patients were divided
into groups A (T2NOMO, I) and B (T4aN2MO0, IIIC).
The detailed baseline characteristics of patients were
retrieved from the electronic medical records. The clin-
icopathologic characteristics of patients are summarized
in Table 1. This study was approved by the ethics com-
mittee of the Third Affiliated Hospital of Shandong First
Medical University (Affiliated Hospital of Shandong
Academy of Medical Sciences) (approval no. FY2019005).
Written informed consent was obtained from each sub-
ject at recruitment.

CRC cell lines

The CRC cell lines, RKO and SW620, were used in our
study. The RKO cells were purchased from the American
Type Culture Collection (Manassas, USA), and SW620
cells were obtained from GeneChem Co. Ltd. (Shanghai,
China). The cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) (Gibco, Waltham, MA, USA)
with 10% fetal bovine serum (Gibco, Waltham, MA,
USA), 100 U/mL penicillin G, and 100 pg/mL streptomy-
cin (Sigma, Shanghai, China) at 37 °C in a humid incuba-
tor with 5% CO,,.

ID Age Gender Histology Differentiation TNM Stage Anatomic site Group
1 64 Female Adenocarcinoma Moderate ToNgMg, | Rectum A
2 63 Female Adenocarcinoma Moderate T,NgM, | Rectum A
3 55 Male Adenocarcinoma Moderate THNgM, | Rectum A
4 58 Male Adenocarcinoma Moderate T4aNsMg, 1IC Rectum B
5 55 Male Adenocarcinoma Moderate -low T4aN,Mg, 1IC Rectum B
6 54 Female Adenocarcinoma Moderate -low T4aNsMg, 1IC Rectum B

TNM Tumor-node-metastasis
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RNA interference

Short hairpin RNA targets for hsa_circ_0064559
(shCIRC) and empty vectors (shEV) were synthe-
sized by GeneChem Co. Ltd. (Shanghai, China). The
sequence of shCIRC was 5-TTTATTATAGCCTGC
CACAGC-3, and shEV was 5-TTCTCCGAACGT
GTCACGT-3'. Lipofectamine 2000 (Invitrogen, Shang-
hai, China) was used for transfection in accordance
with the manufacturer’s instructions. The transfection
efficiency of cells was examined under a fluorescence
microscope after 24 h. The cells were incubated for
fifteen days to produce stably transfected cells (with
transfection efficiency>50%). Quantitative real-time
polymerase chain reaction (qQRT-PCR) verified the effi-
ciency of knockdown.

High-content screening (HCS) and cell growth curve
analysis

We assessed the development of cultured cells using
multiparametric HCS. The cells were seeded in 96-well
plates in 100 pL of media 72 h after shRNA transduc-
tion at a density of 2000 cells per well. HCS was used
to initially screen genes with obvious proliferation
inhibitory phenotype by comparing the impact of gene
knockdown on cell proliferation using Celigo (Nexce-
lom, Beijing, China). To ensure gene interference effi-
ciency, we designed three RNA interference targets for
each gene and mixed three grains with different targets
for mixed virus packaging to ensure gene knockdown
efficiency. According to the expressed fluorescent pro-
tein signal after the cells were infected, their prolifera-
tion can be observed according to the number of cells.
The Cellomics ArrayScan VTI high-content image anal-
ysis platform was used to monitor cell growth daily for
5 days. HCS Studio Cell Analysis Software was used to

Table 2 The primer sequences used in this study
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analyze the data (Thermo Fisher Scientific, Waltham,
MA, USA).

gRT-PCR
TRIzol reagent (Thermo Fisher Scientific, Waltham, MA,
USA) was used to extract total RNA from cells (Invit-
rogen, Carlsbad, CA, USA). NanoDrop 2000 spectro-
photometer was used to measure RNA concentration
(Thermo Fisher Scientific, Rockford, IL, USA). First-
strand cDNA synthesis kits (Invitrogen, Carlsbad, CA,
USA) were used to reverse transcribe 20-100 ng RNA,
as directed by the manufacturer. The mRNA expression
levels were determined using qRT-PCR using an ABI
7500 System (Applied Biosystems, Foster City, CA, USA).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal control to determine the relative
expression levels of genes. Three independent experi-
ments were performed. The primer sequences (from
Shanghai GeneChem Co., Ltd., Shanghai, China) used are
shown in Table 2.

Microarray and bioinformatics analysis

We identified differentially expressed genes in colo-
rectal tumor tissues and matched adjacent normal tis-
sues using Affymetrix Clariom D array (CNKINGBIO
Co.Ltd., Beijing, China), and between shEV and shCIRC
RKO cells using Affymetrix GeneChip primeview human
gene expression array (GeneChem Co.Ltd., Shanghali,
China). The hierarchical clustering and R software (ver-
sion 4.1.2, https://www.r-project.org) performed quantile
normalization and data processing. The sequencing data
were deposited in NCBI's Gene Expression Omnibus
and are accessible through the GEO accession numbers
GSE209892 and GSE226489.

Gene Forward primer sequence Reverse primer sequence
GAPDH TGACTTCAACAGCGACACCCA CACCCTGTTGCTGTAGCCAAA
hsa_circ_0064559 TTTATTGGCAATGACGACCTG GGAAGGATGGAGGGAGAAAGG
STAT1 GGCACCAGAACGAATGAGG CCACAACGGGCAGAGAGG
ATF2 GTCATGGTAGCGGATTGGTTA CTTTGGGTCTGTGGAGTTGTG
TNFRSF10B TCACAGTTGCAGCCGTAGTC TGTGAGCTTCTGTCCACACG
TGFBR2 GTGCCAACAACATCAACC GACTGCCACTGTCTCAAACT
BAX TGCTTCAGGGTTTCATCCA GGCCTTGAGCACCAGTTT
SQSTM1 GAGTCGGATAACTGTTCAGGAGG CGGATTCTGGCATCTGTAGGG
SLC4A7 ACATTCTGACCCTCACTTGCT TTCCACCACTTCCATTACCTT

CD274

ACTGGCATTTGCTGAACG

TCCTCCATTTCCCAATAGAC
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Cell proliferation assay

After lentiviral transduction, cell viability was deter-
mined using a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphe-
nyl-2-H-tetrazolium bromide (MTT) assay. Briefly,
logarithmic growth phase cells were seeded in 96-well
plates at a 1.0x 10* cells/mL density in 200 pL media and
incubated at 37 °C in a 5% CO, atmosphere. The medium
was replaced with serum-free DMEM containing 1 mg/
mL MTT at 24, 48, 72, 96, and 120 h, respectively. The
cells were cultured for an additional 4 h at 37 °C. After
removing the supernatant from each well, 150 pL of
dimethyl sulfoxide was added to all wells. After 10 min
of gentle vortexing and agitation, optical density values at
490 nm were detected using a microplate reader (Bio-Rad
Laboratories Inc., Hercules, CA, USA).

Cell apoptosis assay

Annexin V-APC Apoptosis Detection Kit (Dojindo Labo-
ratories) determined cell apoptosis according to the man-
ufacturer’s procedure. The cells were trypsinized without
ethylene diamine tetra acetic acid and suspended in a
binding buffer after transfection for 24 and 48 h. The cells
were stained with Annexin V-APC for 15 min and sub-
jected to flow-cytometric (FCM) analysis.

Cell-cycle analysis

The cells were collected at pre-determined intervals,
washed twice in phosphate-buffered saline, and fixed in
75% ethanol at 4 °C overnight. Ethanol was removed, and
the cells were stained with propidium iodide in RNase
staining buffer (BD Pharmingen, San Diego, CA, USA)
for 15 min. The BD Biosciences Accuri C6 flow cytom-
eter detected the cell cycle and analyzed it by the Modfit
software (LT 5.0, Verity Software House Inc, Topsham,
ME, USA).

Tumor xenografts in vivo

Twenty female BALB/C nude mice (4 weeks, 15-20 g)
were purchased from Lingchang Biotech (Shanghai,
China). The mice were randomly assigned into shEV
(N=10) and shCIRC groups (N=10). Luciferase-labeled
shEV or shCIRC RKO cells (4x10°) were injected sub-
cutaneously, respectively. After 14 days, the tumor
volume was measured every 2 days and computed as
V= (1/6 x length x width?). Bioluminescence imaging was
performed before sacrificing the mice. Approximately
10 uL/g of 0.7% sodium pentobarbital was injected for
anesthetizing. After a few minutes, when animals were
anesthetized, they were placed in the living imaging
instrument for imaging after injection of D-Luciferin
(10 pL/g) for 15 min. The fluorescence was observed and
quantitatively analyzed by a small animal living imaging
system (Lumina LT, Perkin Elmer, Shanghai, China). All
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mice were sacrificed by cervical dislocation after anesthe-
sia (when tumor size exceeded 2 cm in length diameter),
and the tumors were separated and weighed. Sodium
pentobarbital anesthesia was used for all surgical opera-
tions, and every attempt was made to reduce animal
suffering.

Statistical analysis

SPSS 22.0 (SPSS Inc., Chicago, IL, USA) was used for sta-
tistical analysis. The student’s ¢ test (for two groups) or
analysis of variance (for multiple groups) evaluated con-
tinuous data. Continuous variables were presented as
the mean+standard deviations. Frequency information
was provided for categorical variables, and Pearson’s chi-
square test was used to assess the information. P<0.05
was used as the statistical significance criterion for all
statistical tests.

Results

Identification of hsa_circ_0064559 as a potential CRC
regulatory factor

Using Affymetrix Clariom D array analysis, we compared
the circRNA expression profiles of six pairs of matched
CRC and normal colorectal tissue samples in groups A
and B to find genes crucial for the development of CRC
tumors. According to the data, group A showed two hun-
dred thirty-nine upregulated and one hundred eighty-
five downregulated circRNAs, while group B had two
hundred nineteen upregulated and one hundred ninety
downregulated circRNAs (Fig. 1A). There were thir-
teen differentially circRNA genes upregulated expres-
sion in groups A and B (Fig. 1B). The possible impact
on the growth of CRC cells in vitro was investigated by
silencing all thirteen candidate genes in RKO cells. Com-
pared with the negative control group, hsa_circ_0064559
knockdown showed the most significant inhibition in cell
proliferation (Fig. 1C). Therefore, we concentrated on
hsa_circ_0064559 in the following research. As shown
in Fig. 1D, the cell proliferation was inhibited in shhsa_
circ_0064559 group, especially on D5 after knockdown.

Knockdown of hsa_circ_0064559 inhibited CRC cell growth
in vitro

To investigate whether hsa_circ_0064559 influenced
CRC tumorigenesis, we performed RNA interference in
RKO and SW620 cell lines. Compared to CRC cells trans-
fected with shEV, we discovered that the expression lev-
els of hsa_circ_0064559 were much lower in shCIRC cells
(**P<0.01, Fig. 2A). Subsequently, the results of the MTT
assay showed that the knockdown of hsa_circ_0064559
suppressed the growth of CRC cells over five days
(*P<0.01, Fig. 2B). Similarly, after hsa_circ_0064559
knockdown, the percentage of apoptotic cells (APC
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Fig. 1 Essential role of hsa_circ_0064559 for the proliferation of colorectal cancer (CRC) cells by Affymetrix Clariom D array. A The cluster heat map
of the substantially differentially expressed circRNAs (FC> 1.3, P<0.05) between CRC and normal tissues, on a scale of blue (low) to red (high). The
columns represent different tissue subsets. B Venn diagram showing overlap of upregulated circRNAs in groups A and B. C Thirteen genes were
selected for validation by high-content screening. shCtrl: non-targeting shRNA, shPC: specific-targeting shRNA (*P<0.05). D Fluorescence staining
of CRC cells after knockdown of hsa_circ_0064559 from D1 to D5
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labeled Annexin V%1 cells) was increased (**P<0.01,
Fig. 2C). Furthermore, the population of shCIRC cells in
G1 phase was increased as analyzed by FCM (**P<0.01,
Fig. 2D). The above findings suggested the regulation role
of hsa_circ_0064559 in CRC cell proliferation providing a
potential target of CRC.

Knockdown of hsa_circ_0064559 inhibited

the development of CRC tumors in vivo

We established a xenograft model using shCIRC and
shEV transfected RKO cells to confirm the impact of
has_ circ_0064559 in vivo. The ShEV group’s tumor vol-
ume increased over time. However, the shCIRC group’s
tumors hardly developed (**P<0.01, Fig. 3A). As shown
by bioluminescence imaging (Fig. 3B) and total fluores-
cence expression (Fig. 3C), the tumor volume increased
in shEV mice with time, while the tumors hardly formed
in shCIRC mice (**P<0.01). After sacrifice, blatant
tumors developed in the shEV group, but only a few were
seen in the shCIRC group (**P<0.01, Fig. 3D and E). The
mice with hsa_circ_0064559 knockdown showed signifi-
cantly decreased tumor volume and weight. These find-
ings suggested that the knockdown of hsa_circ_0064559
could suppress the development of CRC tumors in vivo.

Expression of involved genes in apoptotic and proliferation
pathways

To explore the mechanisms of hsa_circ_0064559-induced
apoptosis, we performed a human GeneChip Primeview
array in two groups of shEV and shCIRC RKO cells. The
results showed eight hundred forty-two upregulated
genes and one thousand nine downregulated genes after
has_circ_0064559 knockdown, among which five hun-
dred and sixty-six genes were related to apoptosis and
proliferation of colorectal cancer cells. The results of qRT-
PCR showed that eight genes were consistent with the
GeneChip results, including six upregulated apoptosis-
promoting genes (STAT1, ATF2, TNFRSF10B, TGFBR2,
BAX, and SQSTM1) (**P<0.01, *P<0.05, Fig. 4A-F) and
two downregulated apoptosis-inhibiting gene (SLC4A7,
CD274) (*P<0.05, Fig. 4G and H). The differences in their
expression coincided with increased apoptosis and inhib-
ited proliferation by hsa_circ_0064559 knockdown in
RKO cells.

(See figure on next page.)
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Discussion

Our study investigated the role of circRNA, hsa_
circ_006459, in CRC. Our findings demonstrated that
hsa_circ_0064559 interference resulted in a decreased
rate of proliferation and increased apoptosis in CRC
cells. Hsa_circ_0064559 interference suppressed tumor
growth in xenograft nude mice. The mechanism of hsa_
circ_006459-induced apoptosis demonstrated that its
knockdown upregulated the expression of proapoptotic
genes and downregulated the expression of inhibitory
apoptotic genes. Therefore, hsa_circ_0064559 interfer-
ence might affect the development of CRC.

CircRNAs form single-stranded closed-loop structures
by covalent bonding without 5’ or 3’ free ends [19]. Ini-
tially, circRNAs were of little attention and were thought
to be by-products of improper alternative splicing.
Due to fast advancements in next-generation sequenc-
ing methods, several circRNAs have been discovered
as functional molecules in disease development rather
than splicing by-products [20]. CircRNAs are abundant
and conserved RNA molecules with a cell- and tissue-
specific spatial expression pattern [21]. CircRNAs play
a role in various illnesses, including neurological system
disorders, cardiovascular disease, and cancer [22-25].
Several improperly expressed circRNAs have been linked
to tumor formation, invasion, metastasis, and patient
prognosis [26—-28]. Unlike miRNAs and long noncoding
RNAs, circRNAs are highly conserved sequences and
highly stable in mammalian cells [29]. These character-
istics might make circRNAs attractive biomarkers and
therapeutic targets for disease detection [30].

CRC development, proliferation, apoptosis, migration,
invasion, and metastasis are influenced by circRNAs. Dif-
ferentially expressed circRNAs are found in drug-resist-
ant CRC cells [31]. CircRNA levels might be employed
as indicators for diagnosis, prognosis, and therapeutic
targets [32, 33]. In the present study, by comparing the
circRNA expression patterns of six matched CRC and
normal tissues using Affymetrix Clariom D array analy-
sis, we discovered two hundred thirty-nine upregulated
and one hundred eighty-five downregulated circRNAs in
group A and two hundred and nineteen upregulated and
one hundred ninety downregulated circRNAs in group B.
Many circRNAs were differently expressed in CRC versus

Fig. 2 Effects of hsa_circ_0064559 interference on colorectal cancer (CRC) cells in vitro. A The expression of hsa_circ_0064559 in RKO and SW620
cell lines was confirmed by real-time quantitative reverse transcription polymerase chain reaction after hsa_circ_0064559 interference (**<0.01).

B The viability of hsa_circ_0064559 knockdown RKO and SW620 cells was detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay (**P<0.01). CThe proportion of apoptotic cells in RKO and SW620 cells was stained by Annexin V staining and analyzed by flow-cytometric
(FCM) (**P<0.01). D Cell cycle of hsa_circ_0064559 knockdown RKO and SW620 cells was measured by FCM and analyzed by Midfit software

(**P<0.01)
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Fig. 3 Inhibitory effects of hsa_circ_0064559 interference on developing colorectal cancer (CRC) tumors in vivo. A Tumor volume in the shCIRC
and shEV groups (**P<0.01). B The bioluminescence imaging in the shEV and shCIRC groups before sacrifice. C The overall fluorescence expression
in shCIRC and shEV groups (**P < 0.01). D The subcutaneous xenograft images of shEV and shCIRC groups. E The tumor weight of the two groups
(**P<0.01) (N=10)

normal tissues. Zhang et al. used a circular RNA array
and detected seventy-six upregulated and one hundred
twenty-five downregulated circRNAs in six CRC tissues
compared with normal tissues [34]. By comparing four
CRC tissue samples with matched normal tissues using
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RNA-sequencing, Li et al. discovered three hundred
ninety-four upregulated and fifty-four downregulated
circRNAs [35]. Further screening showed that thirteen
genes were co-differentially upregulated in the CRC
group compared with normal tissues. HCS screening



Zhen et al. World Journal of Surgical Oncology ~ (2023) 21:171 Page 9 of 12

A STAT1 B ATF2

15— 3— *k

relative mRNA level
(STAT1/GAPDH)

relative mRNA level
(ATF2/GAPDH)

shEV ~ shCIRC shEV ~ shCIRC

C TNFRSF10B D TGFBR2

relative mRNA level

relative mRNA level
(TNFRSF10B/GAPDH)
(TGFBR2/GAPDH)

shEV ~ shCIRC shEV ~ shCIRC

E BAX F SQSTM1
*

4 . 2.0 1
1.5
1.0

0.5

relative mRNA level
(BAX/GAPDH)

relative mRNA level

(SQSTM1/GAPDH)

shEV ~ shCIRC shEV ~ shCIRC

SLC4A7
*

1.05 — 1.5

CD274

1.00 1
1.0
0.95

0.90
0.5

relative mRNA level
(SLC4A7/GAPDH)
relative mRNA level
(CD274/GAPDH)

0.85

0.80 — 0.0-
shEV shCIRC shEV shCIRC
Fig. 4 Differential genes’expression in mRNA levels was verified using real-time quantitative reverse transcription polymerase chain reaction after
hsa_circ_0064559 knockdown. A-F The expression of upregulated genes STAT1, ATF2, TNFRSF10B, TGFBR2, BAX, and SQSTM1 in shCIRC and shEV
groups (**P<0.01, *P<0.05). G, H The expression of downregulated genes SLC4A7 and CD274 in shCIRC and shEV groups (*P < 0.05)
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demonstrated that silencing hsa_circ_0064559 exhibited
the most inhibition of proliferation in RKO cells.

We performed RNA interference of thirteen upregu-
lated genes in RKO and SW620 cell lines in vitro. MTT
assay revealed that silencing hsa_circ_0064559 decreased
the proliferation of CRC cells. When hsa_circ_0064559
was knocked down, the cell apoptosis rate was higher
than in the shEV group. Although statistically signifi-
cant, the proportion of apoptotic cells after silencing was
small. However, there is little impact on the finding that
hsa_circ_0064559 plays a pivotal role in colorectal can-
cer growth. In shCIRC transfected cells, FCM revealed a
much higher G1 cell population. A small amount of sub-
G1 (referring to some fragmented peaks before the cycli-
cal distribution) was observed, resulting from broken
DNA appearing in late apoptosis when cells were shat-
tered. It has been demonstrated that several upregulated
circRNAs in CRC enhanced cell growth and prolifera-
tion. As a result, suppressing their expression limits these
activities while encouraging cell death. Zeng et al. discov-
ered that circHIPK3 was upregulated in CRC tissues and
HT-29, SW480, and SW620 cell lines. In vitro, CRC cell
proliferation, motility, invasion, and induction of apopto-
sis were hampered by circHIPK3 knockdown. CircHIPK3
acted as a miR-7 sponge, promoting CRC by regulating
miR-7 targets, FAK, YY1, IGF1R, and EGFR expression
[36]. Yang et al. found that hsa_circ_0004277 expression
was upregulated in CRC tissue samples and cell lines, and
knocking down hsa_circ_0004277 expedited cell death
and restricted CRC cell growth. As a miR-512-5p sponge,
hsa_circ_0004277 stimulated the growth of CRC cells by
upregulating the expression of human prothymosin alpha
(PTMA) [37].

The same results were demonstrated in vivo. The shEV
group showed visible tumors in xenograft mice models,
but the shCIRC group developed tumors sparingly. Our
data demonstrated that knocking down hsa_circ_0064559
might reduce tumor development. Yang et al. demon-
strated that hsa_circ_0004277 reduced tumor volume
and weight, suppressing CRC cell proliferation in vivo
[37]. Zhou et al. found that hsa_circ_0001666 may inhibit
CRC cells’ in vivo growth and metastasis [38]. Similarly,
suppressing circ-NSD2 inhibited cell migration and inva-
sion of HCT116 and RKO and lung metastasis in animal
models [39]. Therefore, circ RNAs may offer therapeutic
potential for CRC.

To explore the mechanism by which hsa_circ_0064559
regulates apoptosis and proliferation of CRC cells, we
performed Affymetrix GeneChip primeview human gene
expression array to analyze the differential expression
genes after knockdown of hsa_circ_0064559 expression
in RKO cells. According to the differential expression
ratio, five hundred sixty-six different expression genes
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related to apoptosis and proliferation of CRC cells were
divided into high, middle, and low sections. Each sec-
tion randomly selected five genes, and qRT-PCR verified
their expressions. The results of qRT-PCR showed that
eight genes were consistent with the GeneChip results.
The expressions of STAT1, ATF2, TNFRSF10B, TGFBR2,
BAX, and SQSTM1 were upregulated. STAT1 is a tumor
suppressor whose activation could lead to the overpro-
duction of oxygen species and tumor cell apoptosis [40].
ATF2 has several functions in different cancers. Several
studies have demonstrated low ATF2 levels correlated
with poor prognosis and tumor aggressiveness in CRC
patients [41]. TNFRSF10B (TRAILR?2) is a death receptor
on the cell surface activated by binding to tumor necro-
sis factor-related apoptosis-inducing ligand (TRAIL),
p53-induced DNA damage, or C/EBP homologous pro-
tein-induced endoplasmic reticulum stress and induces
the apoptosis of tumor cells [42]. TGF-beta receptor II
(TGFBR2) was a tumor suppressor in CRC [43]. BAX is
an apoptosis-promoting gene in the BCL-2 gene fam-
ily, and its overexpression can antagonize the protective
effects of BCL-2 and induce the apoptosis of tumor cells
[44]. It has been shown that the ubiquitin-binding pro-
tein p62/SQSTM1 promotes death receptor-induced cell
death in CRC [45]. Meanwhile, the expression of SLC4A7
and CD274 were downregulated. SLC4A7 (also called
NBCnl) is widely expressed in several tissues and serves
asa Na™/HCO,~ cotransporter. The research has revealed
that SLC4A7 promotes the occurrence and develop-
ment of breast cancer, and its high expression is related
to the poor prognosis of patients [46]. CD274 (PD-L1),
expressed on the surface of tumor cells, is a ligand of
PD-1, which can transmit inhibitory signals and medi-
ate the immune escape effect of tumor cells. The blocking
of the PD-1/PD-L1 axis showed great potential in tumor
therapy [47]. All eight differential expressed genes after
hsa_circ_0064559 knockdown induced the apoptosis of
tumor cells and inhibited tumor development.

CircRNAs have unique properties that make them ideal
candidates for biomarkers, including their abundance,
stability, cross-species conservation, and disease-spe-
cific and dynamic expressions. CircRNA levels might be
utilized as indicators for diagnosis and prognosis. Hsa_
circ_0001178 [32], circITGA7 [48], hsa_circ_0000567
[49], hsa_circ_0001649 [50], hsa_circ_0000826 [32], and
hsa_circ_0000711 [51] were circRNAs that had an area
under the curve (AUC) greater than 0.8 for diagnosing
CRC (with circ 0001178 having an AUC of 0.945), imply-
ing their excellent diagnostic accuracy as CRC biomark-
ers. The limitation of our study is that we investigated
the effects of hsa_circ_0064559 on the proliferation
and apoptosis of CRC cells in vitro and in vivo without
addressing the specific mechanisms and exploration of
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hsa_circ_0064559 as a clinical tumor marker. Further
evaluation of the potential therapeutic effects of hsa_
circ_0064559 is required, particularly for treating existing
tumors. Further studies on the mechanism may provide
more comprehensive conclusions.

Conclusions

The present study suggested that hsa_circ_0064559 is
upregulated in CRC tumor tissues that promote apop-
tosis by regulating the expression of apoptosis-related
genes, thus playing a critical role in tumorigenesis. These
findings indicated the possibility of developing hsa_
circ_0064559 as a clinical biomarker and potential drug
target. Our results provided novel insights into the thera-
peutic strategy suppressing CRC progression.

Abbreviations

CRC Colorectal cancer

circRNAs  Circular RNAs

DMEM Dulbecco’s modified Eagle medium

shCIRC Short hairpin RNA targets for hsa_circ_0064559
shEV Empty vectors

gRT-PCR  Quantitative real-time polymerase chain reaction
HCS High-content screening

FCM Flow-cytometric

PTMA Prothymosin alpha

AUC Area under the curve

TNM Tumor-node-metastasis

Acknowledgements
Not applicable.

Authors’ contributions

ZX conceived the study. YZ, GS and RX performed the experiments. CC and

JL collected the study materials and patient data. YZ and RX drafted the
manuscript. ZX provided administrative support and analyzed data. All authors
confirm the authenticity of all the raw data. All authors wrote the manuscript,
and read and approved the final manuscript.

Funding

This work was supported by grants from the Innovation Project of Shandong
Academy of Medical Sciences, the Shandong Provincial Medicine and Health
Science Technology Development Plan (2019WS185).

Availability of data and materials
The datasets used and/or analyzed in the present study are available from the
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the ethics committee of The Third Affiliated
Hospital of Shandong First Medical University (Affiliated Hospital of Shandong
Academy of Medical Sciences) (Approval no. FY2019005). Written informed
consent was obtained from each subject at recruitment.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Page 11 of 12

Received: 14 March 2023 Accepted: 26 May 2023
Published online: 07 June 2023

References

1. BrayF, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2018,68(6):394-424.

2. Zhangl, CaoF, Zhang G, Shi L, Chen S, Zhang Z, et al. Trends in and pre-
dictions of colorectal cancer incidence and mortality in China from 1990
to 2025. Front Oncol. 2019;9:98.

3. Yang G,Wang, Zeng Y, Gao GF, Liang X, Zhou M, et al. Rapid health tran-
sition in China, 1990-2010: findings from the Global Burden of Disease
Study 2010. Lancet. 2013;381(9882):1987-2015.

4. Bardou M, Barkun AN, Martel M. Obesity and colorectal cancer. Gut.
2013;62(6):933-47.

5. Dashti SG, Buchanan DD, Jayasekara H, AitOuakrim D, Clendenning M,
Rosty C, et al. Alcohol consumption and the risk of colorectal cancer for
mismatch repair gene mutation carriers. Cancer Epidemiol Biomarkers
Prev. 2017,26(3):366-75.

6. Lee IM, Shiroma EJ, Lobelo F, Puska P, Blair SN, Katzmarzyk PT. Effect
of physical inactivity on major non-communicable diseases world-
wide: an analysis of burden of disease and life expectancy. Lancet.
2012,380(9838):219-29.

7. Arnold M, Sierra MS, Laversanne M, Soerjomataram |, Jemal A, Bray F.
Global patterns and trends in colorectal cancer incidence and mortality.
Gut. 2017,66(4):683-91.

8. Wong SH, Yu J. Gut microbiota in colorectal cancer: mechanisms
of action and clinical applications. Nat Rev Gastroenterol Hepatol.
2019;16(11):690-704.

9. Gothai S, Muniandy K, Gnanaraj C, Ibrahim IAA, Shahzad N, Al-Ghamdi
SS, et al. Pharmacological insights into antioxidants against colorectal
cancer: a detailed review of the possible mechanisms. Biomed Pharma-
cother.2018;107:1514-22.

10. Sayad A, Najafi S, Hussen BM, Jamali E, Taheri M, Ghafouri-Fard S. The role
of circular RNAs in pancreatic cancer: new players in tumorigenesis and
potential biomarkers. Pathol Res Pract. 2022;232:153833.

11. LiS,Teng S, Xu J, Su G, Zhang Y, Zhao J, et al. Microarray is an efficient tool
for circRNA profiling. Brief Bioinform. 2019;20(4):1420-33.

12. ZengY, XuY, Shu R, Sun L, Tian Y, Shi C, et al. Altered expression profiles of
circular RNA in colorectal cancer tissues from patients with lung metasta-
sis. Int J Mol Med. 2017,40(6):1818-28.

13. Kumar L, Shamsuzzama, Haque R, Baghel T, Nazir A. Circular RNAs: the
emerging class of non-coding RNAs and their potential role in human
neurodegenerative diseases. Mol Neurobiol 2017,54(9):7224-34.

14. YinY,Long J,He Q LiY, Liao Y, He P, et al. Emerging roles of circRNA in
formation and progression of cancer. J Cancer. 2019;10(21):5015-21.

15. Yang H, Zhang H, Yang Y, Wang X, Deng T, Liu R, et al. Hypoxia induced
exosomal circRNA promotes metastasis of colorectal cancer via targeting
GEF-H1/RhoA axis. Theranostics. 2020;10(18):8211-26.

16. Ruan J. A robust circular RNA-based prognostic signature for postopera-
tive recurrence in stage II/lll colon cancer. AIMS Genet. 2019;6(4):67-9.

17. Najafi S. The emerging roles and potential applications of circular RNAs
in ovarian cancer: a comprehensive review. J Cancer Res Clin Oncol.
2023;149(5):2211-34.

18. Najafi S. Circular RNAs as emerging players in cervical cancer tumori-
genesis; a review to roles and biomarker potentials. Int J Biol Macromol.
2022;206:939-53.

19. QuS,Yang X, Li X, Wang J, Gao Y, Shang R, et al. Circular RNA: a new star of
noncoding RNAs. Cancer Lett. 2015;365(2):141-8.

20. Chen S, Shen X. Long noncoding RNAs: functions and mechanisms in
colon cancer. Mol Cancer. 2020;19(1):167.

21. SinhaT, Panigrahi C, Das D, Chandra PA. Circular RNA translation, a path to
hidden proteome. Wiley Interdiscip Rev RNA. 2022;13(1):e1685.

22. Lei M, Zheng G, Ning Q, Zheng J, Dong D. Translation and functional roles
of circular RNAs in human cancer. Mol Cancer. 2020;19(1):30.

23. Ghafouri-Fard S, Taheri M, Hussen BM, Vafaeimanesh J, Abak A, Vafaee
R. Function of circular RNAs in the pathogenesis of colorectal cancer.
Biomed Pharmacother. 2021;140:111721.



Zhen et al. World Journal of Surgical Oncology

24.
25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

(2023) 21:171

Altesha MA, Ni T, Khan A, Liu K, Zheng X. Circular RNA in cardiovascular
disease. J Cell Physiol. 2019;234(5):5588-600.

Akhter R. Circular RNA and Alzheimer’s disease. Adv Exp Med Biol.
2018;1087:239-43.

Li Z,Ruan, Zhang H, Shen'Y, Li T, Xiao B. Tumor-suppressive circular
RNAs: mechanisms underlying their suppression of tumor occurrence
and use as therapeutic targets. Cancer Sci. 2019;110(12):3630-8.

Ruan H, Deng X, Dong L, Yang D, Xu Y, Peng H, et al. Circular RNA
circ_0002138 is down-regulated and suppresses cell proliferation in
colorectal cancer. Biomed Pharmacother. 2019;111:1022-8.

Tang W, Fu K, Sun H, Rong D, Wang H, Cao H. CircRNA microarray profiling
identifies a novel circulating biomarker for detection of gastric cancer.
Mol Cancer. 2018;17(1):137.

Lei B, Tian Z, Fan W, Ni B. Circular RNA: a novel biomarker and therapeutic
target for human cancers. Int J Med Sci. 2019;16(2):292-301.

Jing L, Wu J, Tang X, Ma M, Long F, Tian B, et al. Identification of circular
RNA hsa_circ_0044556 and its effect on the progression of colorectal
cancer. Cancer Cell Int. 2020;20:427.

Li A, Wang WC, McAlister V, Zhou Q, Zheng X. Circular RNA in colorectal
cancer. J Cell Mol Med. 2021;25(8):3667-79.

Xu H,Wang C, Song H, Xu'Y, Ji G. RNA-Seq profiling of circular RNAs in
human colorectal cancer liver metastasis and the potential biomarkers.
Mol Cancer. 2019;18(1):8.

Jian X, He H, Zhu J, Zhang Q, Zheng Z, Liang X, et al. Hsa_circ_001680
affects the proliferation and migration of CRC and mediates its chemore-
sistance by regulating BMI1 through miR-340. Mol Cancer. 2020;19(1):20.
Zhang P, Zuo Z, Shang W, Wu A, Bi R, Wu J, et al. Identification of differen-
tially expressed circular RNAs in human colorectal cancer. Tumour Biol.
2017;39(3):1010428317694546.

Li XN, Wang ZJ, Ye CX, Zhao BC, Li ZL, Yang Y. RNA sequencing reveals
the expression profiles of circRNA and indicates that circDDX17 acts

as a tumor suppressor in colorectal cancer. J Exp Clin Cancer Res.
2018;37(1):325.

Zeng K, Chen X, Xu M, Liu X, Hu X, Xu T, et al. CircHIPK3 promotes colo-
rectal cancer growth and metastasis by sponging miR-7. Cell Death Dis.
2018,9(4):417.

Yang L, Sun H, Liu X, Chen J, Tian Z, Xu J, et al. Circular RNA hsa_
circ_0004277 contributes to malignant phenotype of colorectal cancer
by sponging miR-512-5p to upregulate the expression of PTMA. J Cell
Physiol. 2020;1-12.

Zhou J,Wang L, Sun Q, Chen R, Zhang C, Yang P, et al. Hsa_circ_0001666
suppresses the progression of colorectal cancer through the miR-576-5p/
PCDH10 axis. Clin Transl Med. 2021;11(11):e565.

Chen LY, Zhi Z, Wang L, Zhao YY, Deng M, Liu YH, et al. NSD2 circular RNA
promotes metastasis of colorectal cancer by targeting miR-199b-5p-
mediated DDR1 and JAGT signalling. J Pathol. 2019,248(1):103-15.
Totten SP, Im YK, CepedaCafiedo E, Najyb O, Nguyen A, Hébert S, et al.
STAT1 potentiates oxidative stress revealing a targetable vulnerability
that increases phenformin efficacy in breast cancer. Nat Commun.
2021;12(1):3299.

Huebner K, Erlenbach-Wuensch K, Prochazka J, Sheraj I, Hampel C, Mraz-
kova B, et al. ATF2 loss promotes tumor invasion in colorectal cancer cells
via upregulation of cancer driver TROP2. Cell Mol Life Sci. 2022;79(8):423.
He K, Zheng X, Li M, Zhang L, Yu J. mTOR inhibitors induce apoptosis

in colon cancer cells via CHOP-dependent DR5 induction on 4E-BP1
dephosphorylation. Oncogene. 2016;35(2):148-57.

LiJ, Liang H, Bai M, Ning T, Wang C, Fan Q, et al. miR-135b promotes can-
cer progression by targeting transforming growth factor beta receptor I
(TGFBR2) in colorectal cancer. PLoS ONE. 2015;10(6):e0130194.

Hengst JA, Nduwumwami AJ, Yun JK. Regulatory role of sphingosine-
1-phosphate and C16:0 ceramide, in immunogenic cell death of

colon cancer cells induced by Bak/Bax-activation. Cancers (Basel).
2022;14(21):5182.

Jin H, Seo GS, Lee SH. Isoliquiritigenin-mediated p62/SQSTM1 induction
regulates apoptotic potential through attenuation of caspase-8 activa-
tion in colorectal cancer cells. Eur J Pharmacol. 2018;841:90-7.

Boedtkjer E. Na(+), HCO(3)(-) cotransporter NBCn1 accelerates breast
carcinogenesis. Cancer Metastasis Rev. 2019;38(1-2):165-78.

Wei T, Wang K, Liu S, Fang Y, Hong Z, Liu Y, et al. Periostin deficiency
reduces PD-1(+) tumor-associated macrophage infiltration and enhances
anti-PD-1 efficacy in colorectal cancer. Cell Rep. 2023;42(2):112090.

48.

49.

50.

Page 12 of 12

Li X, Wang J, Zhang C, Lin C, Zhang J, Zhang W, et al. Circular RNA cir-
cITGA7 inhibits colorectal cancer growth and metastasis by modulating
the Ras pathway and upregulating transcription of its host gene ITGA7. J
Pathol. 2018,246(2):166-79.

Wang J, Li X, Lu L, He L, Hu H, Xu Z. Circular RNA hsa_circ_0000567 can be
used as a promising diagnostic biomarker for human colorectal cancer. J
Clin Lab Anal. 2018;32(5):e22379.

JiW, Qiu C, Wang M, Mao N, Wu S, Dai Y. Hsa_circ_0001649: a circular RNA
and potential novel biomarker for colorectal cancer. Biochem Biophys
Res Commun. 2018:497(1):122-6.

51. LiJ,NiS, Zhou C, Ye M. The expression profile and clinical application
potential of hsa_circ_0000711 in colorectal cancer. Cancer Manag Res.
2018;10:2777-84.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Circular RNA hsa_circ_0064559 affects tumor cell growth and progression of colorectal cancer
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Tissue specimens
	CRC cell lines
	RNA interference
	High-content screening (HCS) and cell growth curve analysis
	qRT-PCR
	Microarray and bioinformatics analysis
	Cell proliferation assay
	Cell apoptosis assay
	Cell-cycle analysis
	Tumor xenografts in vivo
	Statistical analysis

	Results
	Identification of hsa_circ_0064559 as a potential CRC regulatory factor
	Knockdown of hsa_circ_0064559 inhibited CRC cell growth in vitro
	Knockdown of hsa_circ_0064559 inhibited the development of CRC tumors in vivo
	Expression of involved genes in apoptotic and proliferation pathways

	Discussion
	Conclusions
	Acknowledgements
	References


