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circ_0004662 contributes to colorectal cancer
progression by interacting with hnRNPM
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Abstract. Circular (circ)RNAs participate in colorectal
cancer (CRC) occurrence and progression. However, the
role of hsa_circ_0004662 (circ_0004662) in CRC remains
unknown. Reverse transcription-quantitative PCR noted high
expression of circ_0004662 in CRC compared with normal
colorectal epithelial cells. circ_0004662 knockdown inhibited
migration of CRC cells in vitro and in vivo; would healing and
Transwell assays showed that circ_0004662 overexpression
contributed to CRC migration. Nuclear cytoplasmic analysis
and fluorescence in situ hybridization revealed localization
of circ_0004662 in the nucleus and cytoplasm. CircRNADB
databases predicted that circ_0004662 exhibited translational
potential and liquid chromatography-mass spectrometry
(LC-MS) of circ_0004662 pull-down products suggested that
circ_0004662 bound to multiple ribosomal subunits. However,
peptide products of 149aa translated by circ_0004662, with a
molecular weight of ~17 kDa were not detected. Nevertheless,
LC-MS analysis indicated that circ_0004662 bound multiple
proteins. Immunoprecipitation of RNA-binding proteins
revealed that circ_0004662 bound to heterogeneous nuclear
ribonucleoprotein M (hnRNPM) and that hnRNPM interfer-
ence decreased circ_0004662 expression, thereby affecting
CRC progression. In summary, circ_0004662 was significantly
upregulated in CRC. As a non-coding RNA, it may promote
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CRC progression by binding to hnRNPM, which may serve as
a potential target for treating CRC.

Introduction

Colorectal cancer (CRC) is one of the common types of
malignant tumors, as the third most common malignancy
and the second most deadly cancer, CRC accounts for 10% of
global cancer incidence and 9.4% of cancer deaths in 2020 (1).
Recently, its incidence has been continuously increasing,
posing a serious threat to lives and health (2). Therefore,
exploring underlying mechanisms of CRC progression and
identifying novel therapeutic biomarkers for CRC are essential.

As a type of endogenous RNA, circular RNAs (circRNAs)
are generated by the back-splicing of pre-mRNAs, forming a
covalently closed loop structure. circRNAs lack the traditional
5'-end cap structure and 3'-end poly A tail; this makes them
more stable and resistant to exonucleases compared with linear
RNA (3). Accumulating evidence suggests the key role of
circRNAs in cancer development and progression, with some
(such as circRNA_102231 and circRNA CDR1as) identified
as available biomarkers for predicting cancer diagnosis, treat-
ment and prognosis (4-6). Multiple circRNAs with different
fragment lengths and sequences can be derived from the same
parental gene, such as different circRNAs are generated from
ubiquitin-associated protein 2 (UBAP2) and three domain
family 33 (7-10), which may exert various biological function.
Circular RNA UBAP2 contributed to malignant properties
of prostate cancer and osteosarcoma, however, it inhibited
proliferation and metastasis of clear cell renal cell carcinoma.
Previous study showed that manganese superoxide dismutase
(SOD2) could modulate colorectal tumorigenesis (11), however,
the role of its circRNAs in CRC remains unreported.

The present study aim to explore the circRNAs derived
from the SOD family using databases and clarify its role in
colorectal cancer.
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Materials and methods

Clinical specimens. Paired adjacent normal tissue (distance
from cancer tissue greater than 5 cm) and CRC tissue (n=18)
was collected from Anhui Provincial Cancer Hospital (Hefei,
China) from January 2023 to December 2023. Two patholo-
gists histologically confirmed the final diagnosis of CRC. Only
patients with pathologically diagnosed CRC were included,
the exclusion criterion was a history of malignant tumor
treatment in other parts of the body. Table SI summarizes the
clinical characteristics of 18 patients with CRC, with patients
age ranging from 41 to 84 years, and the median age was 58.
The surgically excised specimens were stored at -80°C until
used. The Medical Ethics Committee of the Anhui Provincial
Cancer Hospital approved the study (approval no. 2023081).
All participants provided written informed consent according
to the Declaration of Helsinki.

Cell lines. Human normal colon epithelial cells FHC (cat.
no. FH1283, Cellosaurus Accession no. CVCL_3688) were
purchased from Fuheng Biology. CRC cell lines HT-29
(cat. no. C5083, CVCL_0320), SW480 (cat. no. C5233,
CVCL_0546), DLD-1 (cat. no. C5060, CVCL_0248),
HCT116 (cat. no. C5229, CVCL_0291), LOVO (cat. no. C5178,
CVCL_0399), COLO205 (cat. no. C5053, CVCL_0218) and
Caco-2 (cat. no. C5224; CVCL_0025) were purchased from
Zhejiang Baidi Biotechnology Co., Ltd. All cells were cultured
in high-glucose Dulbecco's modified Eagle's medium (cat.
no. 10566016) supplemented with 1% penicillin and strepto-
mycin (cat. no. 15140122, both Gibco; Thermo Fisher Scientific,
Inc.) and 10% fetal bovine serum (FBS, cat. no. 40131ES76,
Shanghai Yeasen Biotechnology Co.,Ltd.). Cells were cultured
in a humidified environment with 5% CO, at 37°C. All the cell
lines were verified via short tandem repeat analysis.

RNA extraction and reverse transcription-quantitative (RT-q)
PCR. Eastep Super Total RNA Extraction kit (cat. no. LS1040,
Promega Corporation) was used to extract total tissues/cell
RNA. RNA was converted to cDNA using GoScript Reverse
Transcription Mix (cat. no. A2800, Promega Corporation)
according to the manufacturer's instructions. The GoTaq
qPCR Master Mix (cat. no. A6002, Promega Corporation) was
used to perform RT-qPCR. 18S rRNA was used as an endog-
enous control to measure the levels of circRNA (Table SII)
and mRNA. Thermocycling conditions were as follows: Initial
denaturation at 95°C for 10 min, followed by 40 cycles of 95°C
for 15 sec and 60°C for 30 sec. The specificity of amplification
was confirmed via melting curve analysis. The 2-24°4 method
was used to assess gene expression (12). Primers are listed in
Table SIII. Primers of circ_0004662 and circ_0078541 were
designed based on the sequence of back splicing site and the
primers of circRNAs in the present study were designed and
validated by Guangzhou Geneseed Biotech. Co., Ltd.

RNase R treatment. Total RNA (5 ug) extracted from CRC
cells was treated in the presence or absence of 5 U/ug RNase
R (cat. no. R0300, Guangzhou Geneseed Biotech. Co., Ltd.) at
37°C for 30 min. Then, RNase R was inactivated at 70°C for
10 min. Finally, RNA was reverse-transcribed using a random
primer.

Actinomycin D treatment. CRC cells were treated with 2 yg/ml
actinomycin D (cat. no. 15021S, Cell Signaling Technology,
Inc.) at 37°C for 0, 4, 8 and 12 h. Then, total cell RNA was
extracted, followed by RT-qPCR to measure the stability of
circRNAs. The gene expression at 0 h was considered the
baseline.

Construction of plasmid vectors and cell transfection.
To silence circ_0004662, short hairpin RNA (shRNA)
targeting the junction sites of circ_0004662 was designed by
Guangzhou RiboBio Co., Ltd. (Table SIV). The pLshRNA
vector (Shanghai Calm Biotechnology Co., Ltd.) was used as
the shRNA plasmid; empty vector was used as sh-negative
control (NC). cDNA sequence of human circ_0004662 was
synthesized and cloned into pLC5-ciR vector (Guangzhou
Geneseed Biotech. Co., Ltd.) to generate overexpression
plasmids. Sanger sequencing was performed to confirm all
constructs. The 2.5 ug constructed plasmids, 1.88 yg PSPAX2
vector (Shanghai Calm Biotechnology Co., Ltd.) and 0.625 ug
PMD2G vector (Shanghai Calm Biotechnology Co., Ltd.) were
then co-transfected into 3rd generation 293T cells (Zhejiang
Baidi Biotechnology Co., Ltd.) using Lipofectamine 3000 (cat.
no. L3000008, Thermo Fisher Scientific, Inc.) to package
lentivirus according to manufacturer's instruction. After a
48 h incubation at 37°C, 2 ml viral supernatant was collected
and filtered with a 0.22 pm filter. Then viral supernatant was
added for 8 h, after which the medium was replaced. The cells
were then subjected to selection using 2 yg/ml puromycin
for 3 days, with 1 pg/ml puromycin used for maintenance.
Subsequent experiments were then started. The sequence used
in the present study are as follows: circ_0004662-siRNA#1
(TATGCTGAGAGATGTTACA); circ_0004662-siRNA#2
(CGATCGTTATGCTGAGAGA); circ_0004662-siRNA#3
(TCGTTATGCTGAGAGATGT).

Cell proliferation and migration assay. Wound healing and
Transwell assays were performed to assess migration ability
of CRC cells. For wound healing assay, 1x10° transfected
CRC cells (DLD-1, SW480, HCT116) were added to complete
DMEM supplemented with 10% FBS in 24-well plates. A
200-ul sterile tip was used to make a scratch in the monolayer
(confluence ~100% at the start of the assay, followed by culture
in medium containing 2-5% FBS as aforementioned. Cells
were photographed at 0 and 48 h (cat. no. IX2-SLP, Olympus)
with magnification is 100X. ImageJ software (version 1.54 g,
National Institutes of Health) was used to measure relative
would healing area.

For Transwell assay, serum-free medium containing 1x10°
transfected CRC cells (DLD-1 and SW480) was added to
upper 24-well Transwell chambers (cat. no. 3422, Corning,
Inc.), a complete DMEM (cat. no. 10566016, Gibco; Thermo
Fisher Scientific, Inc.) containing 10% FBS was added to
lower chamber in 24-well plates. Cells were then incubated in
a CO, incubator at 37°C. After 48 h, cells were fixed with 4%
paraformaldehyde for 10 min at room temperature, and stained
with 0.1% crystal violet at room temperature for 10 min. The
migrated cells in the bottom chambers were photographed by
invert light microscope (cat. IX2-SLP, Olympus Corporation)
with magnification 200X, and counted by ImageJ software
(version 1.54 g, National Institutes of Health).
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Subcellular fractionation. Cytoplasmic and Nuclear RNA
Purification kit (cat. no. 21000, Norgen Biotek Corp.) was used
to extract cytoplasmic and nuclear RNA. Briefly, CRC cells
were treated with lysis buffer for 15 min and centrifuged at
4°C, 12,000 x g for 5 min. Nuclear RNA was isolated from
the pellets and supernatant was collected to extract cyto-
plasmic RNA according to the manufacturer's instructions.
Subsequently, reverse transcription and PCR were performed
as aforementioned. GAPDH was utilized as the cytoplasmic
reference gene and U6 as the nuclear reference gene.

Fluorescence in situ hybridization (FISH). RNA FISH probes
to target the splicing site of circ_0004662 (5'CY3-TGTAAC
ATCTCTCAGCATAACG-3'CY3) were designed and synthe-
sized by Guangzhou Geneseed Biotech. Co., Ltd. A total of
5x10* DLD-1 cells were seeded on slides at the bottom of
24-well plates. When the cell density reaches 70%, slides were
washed with PBS at room temperature for 5 min, then 4%
paraformaldehyde was used to fix cells at room temperature
for 5 min and washed with PBS for 5 min. TritonX-100 (cat.
no. P0096, Beyotime Institute of Biotechnology) was added
to incubate slides at room temperature for 15 min, and wash
with PBS three times for 5 min each time. Then anhydrous
ethanol was added, and the ethanol was aspirated after 1 min
of action at room temperature. circ_0004662-specific Cy3
probes were added to cells at 37°C overnight. The nuclei were
counterstained with DAPI (cat. no. C1002, Beyotime Institute
of Biotechnology) at room temperature for 5 min. FISH kit
(cat. no. HO101, Guangzhou Geneseed Biotech. Co., Ltd.) was
used according to the manufacturer's instructions. Probe signals
were imaged under a laser scanning confocal microscope
(cat.no. TCS SP2 AOBS, Leica GmbH; magnification is 400X.

Western blotting. Briefly, cells were lysed using RIPA lysis
buffer containing protease and phosphatase and protease
inhibitor cocktails (cat. nos. PO013B, P1009 and P1050,
respectively; all Beyotime Institute of Biotechnology). Protein
concentration was determined by BCA assay. A One-Step
PAGE Gel Fast Preparation kit (8%; cat. no. E302-1, Vazyme
Biotech Co., Ltd.) was used to separate equal amounts of
protein (20 pg/lane). The separated proteins were transferred
to polyvinylidene fluoride membranes (cat. no. IPVH00010,
MilliporeSigma). Non-specific binding was blocked at room
temperature for 1 h using Quick Block Blocking Buffer
(cat. no. P0252, Beyotime Institute of Biotechnology). Then,
the membranes were incubated with antibodies overnight at
4°C as follows: Flag-tagged recombinant rabbit monoclonal
(cat. no. 30504ES50, Shanghai Yeasen Biotechnology Co.,
Ltd.), recombinant anti-SOD2 (1:1,000, cat. no. ab68155,
Abcam), S100 calcium binding protein A9 (SIO0A9) poly-
clonal (1:1,000, cat. no. 26992-1-AP), phosphoglycerate
kinase 1 (PGK1) polyclonal (1:1,000, cat. no. 17811-1-AP),
heterogeneous nuclear ribonucleoprotein M (hnRNPM)
polyclonal (1:1,000, cat. no. 26897-1-AP) and B-tubulin
monoclonal (1:1,000, cat. no. 30301ES60, all Proteintech
Group, Inc.). After the membranes were washed with 1X
TBST (cat. no. ST673, Beyotime Institute of Biotechnology),
they were incubated with horseradish peroxidase-labeled goat
anti-mouse or anti-rabbit IgG (1:1,000, cat. nos. A0216 and
A0208, respectively; Beyotime Institute of Biotechnology) for
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1 h at 25°C. Finally, ECL substrate kit (cat. no. 36222ES60,
Shanghai Yeasen Biotechnology Co., Ltd.) was used to visu-
alize the membranes. A chemiluminescence imaging system
(Tano4600, Shanghai Tianneng Technology) was used to
visualize strips and to perform semiquantitative analysis.

circ_0004662 pull-down assay and liquid chroma-
tography-mass spectrometry (LC-MS) analysis. MS2
bacteriophage coat protein (MS2-CP) circRNA pull-down
assay was performed to detect RNA-binding proteins
(RBPs) that bind to circ_0004662. MS2 tagging technique
is based on the natural binding between a stem-loop struc-
ture of MS2 and MS2-CP (13-15). Briefly, overexpression
vectors (Guangzhou Geneseed Biotech. Co., Ltd.) carrying
circ_0004662-MS2 were constructed and tagged with green
fluorescent protein (GFP); MS2-CP-Flag was tagged with red
fluorescent protein (m-Cherry; Guangzhou Geneseed Biotech.
Co., Ltd.). The vectors were co-transfected into 293T cells
as aforementioned. Cell protein was isolated by 500 ul lysis
buffer as aforementioned. A total of 450 pl lysate was used
for each IP reaction using RNA Immunoprecipitation Kit (cat.
no. P0101, Guangzhou Geneseed Biotech. Co., Ltd.) according
to manufacturer's illustration. A total 5 ug anti-Flag antibody
(cat. no. A0O0170, Nanjing Kingsray Biotechnology Co.,
Ltd.) and 100 ul protein A/G immunoprecipitation magnetic
beads (cat. no. B23201, Selleck) were used to pull down
MS2-CP-MS2-circ_0004662 complex. Lysate extracted from
cells without the MS2 tagging system was used as NC. After
detecting captured lysates via RT-qPCR and western blotting
as aforementioned. The completes were isolated by magnetic
grate. LC-MS was performed to analyze the circ_0004662
pull-down complex and controls. Briefly, the peptide segments
were dissolved in sample solution [0.1% formic acid (cat.
no. 64186, Sigma), 2% acetonitrile (cat. no. A/0626/17, Fisher),
and centrifuged at 4°C, 14,000 x g for 20 min, supernatant was
collected and performed mass spectrometry identification. The
liquid phase parameters was as follows: (a) Column informa-
tion: 300 #m x5 mm, Acclaim PepMap RSLC C18, 5 ym, 100A
(cat. no. 160454, Thermo); Acclaim PepMap 75 ym X150 mm,
C18, 3 um, 100A (cat. no. 160321, Thermo. (b) Mobile phase
information: Mobile phase A (0.1% formic acid); Mobile phase
B: 0.1% formic acid, 80% acetonitrile; Flow rate: 300 nl/min.
(c) Analysis time: 45 min. The separated peptide segments are
directly fed into the mass spectrometer (Q Exactive, Thermo
Fisher Scientific, Inc.) for online detection, with a resolution:
70,000; AGC target: 3e6; Maximum IT:40 msec; Scan range:
350 to 1,800 m/z. The raw mass spectrometry files were
processed and converted by MM File Conversion software to
obtain MGF format files, and then the Uniprot database was
searched using MASCOT (http:/www.matrixscience.com/).

Prediction and verification of open reading frames (ORFs).
The human circular RNA database (circRNA DB) was used
to predict ORFs in circ_0004662 (16). To verify the func-
tionality of the predicted ORF sequence in circ_0004662,
circ_0004662 sequence was cloned into pLC5-ciR [translation
verification vector (T)0] to construct T1 (Guangzhou Geneseed
Biotech. Co., Ltd.). Further, a FLAG coding sequence (5'-GAC
TACAAAGACCATGACGGTGATTATAAAGATCATGAC
ATCGATTACA AGGATGACGATGACAAG-3') was inserted
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upstream of the stop codon (TGA) present in the ORF sequence
to construct T2 vector (17,18). As a result, once the potential
ORF sequence was translated, a tagged protein was gener-
ated. Vector with start codon ATG of the predicted ORF was
mutated (T3), and vectors containing Flag tag with deletion
of circular elements were also constructed (T4; Guangzhou
Geneseed Biotech. Co., Ltd.). FLAG sequence was directly
cloned into pLC5-ciR (Guangzhou Geneseed Biotech. Co.,
Ltd.) and used as a positive control (T5). Cells were transfected
with the aforementioned plasmids and harvested after 3 days
as aforementioned. Western blotting was performed using
anti-FLAG antibody (1:1,000, cat. no. 30504ES50; Shanghai
Yeasen Biotechnology Co., Ltd.) to measure the flagged
protein according to previous description.

RNA-binding protein immunoprecipitation (RIP). Briefly,
1x107 cells were treated with IP lysis buffer (cat. no. PO013,
Beyotime Institute of Biotechnology), protease inhibitor, and
RNase inhibitor for 10 min on ice. Cells were centrifuged at 4°C
and 10,000 x g for 10 min. A total of 5 ug IP hnRNPM (1:100),
S1009A (1:100), PGK1 (1:50) and IgG control polyclonal
antibody (cat no. 30000-0-AP, Proteintech Group, Inc.) were
each bound to 20 ul magnetic beads (cat. no. P2108, Beyotime
Institute of Biotechnology) for 2 h at 4°C. The cell lysis super-
natant was then incubated with the magnetic bead suspension
at room temperature for 2 h. A magnetic separator was used
to collect the magnetic beads. Finally, pellets were treated
with RIPA lysis buffer or TRIZOL (cat. no. 15596018CN,
Thermo Fisher Scientific, Inc.) for western blotting and RNA
extraction.

Animal experiments. A total of 12 male BALB/c nude mice
(age, 5-6 weeks 17-19 g) were purchased from Hangzhou
Ziyuan Laboratory Animal Technology (Zhejiang, China).
Mice were housed under specific pathogen-free conditions
with a 12/12-h light/dark cycle and controlled temperature
at 24+2°C, and the relative humidity range was 50+10%. The
mice were allowed ad libitum access to water and food pellets.
DLD-1 cells were transfected with sh-circ_0004662 or sh-NC
and subcutaneously injected into the right dorsum to generate
subcutaneous tumors (5x10%/mouse; n=6/group). Mice were
monitored daily and tumor volume was measured every
4 days. After 30 days, mice were anesthetized with 3% isoflu-
rane (maintained with 1.5% isoflurane) and euthanized using
cervical dislocation. Physiological indicators such as respira-
tion, heartbeat and pupil response were monitored to confirm
the death of mice, and subcutaneous tumors were removed.
Tumors were subjected to histological analysis. Tumor volume
was calculated as follows: Volume (mm?®)=width? x length/2.
All experiments were approved and performed according
to the guidelines approved by the Institutional Animal Care
and Use Committee of the First Hospital Affiliated to the
University of Science and Technology of China [approval
no. 2022-N(A)-072].

Immunohistochemical analysis. The mouse xenograft tumors
were cut to 5-ym thick sections, and immunohistochemistry
was performed according to established protocols (19).
Primary antibodies utilized included anti-Ki67 (original
usage; cat. no. MAB-0672; Proteintech Group, Inc.),

anti-E-cad, anti-N-cad (1:5,000, cat. nos. 20874-1-AP;
22018-1-AP, Proteintech Group, Inc.) and anti-vimentin
(1:300; cat. no. ab92547, Abcam). Images were captured using
the Olympus CX41 system with cell Sens Standard software
(Olympus, Tokyo, Japan). IHC score were measured using
Image] software (version 1.54 g, National Institutes of Health).
The percentage of positive cells was subdivided into four
grades: 0, <5%; 1 for 6-25%; 2 for 26-50%; 3 for 51-75% and 4
for >75%. Staining intensity was assessed by four degrees: 0,
negative; 1, weak; 2, moderate; and 3, strong. The THC score
is the cell staining intensity score multiplied by the percentage
of positive cells score.

Statistical analysis. SPSS 24.0 software (IBM Corp.) and
GraphPad Prism 8.0 (GraphPad Software, Inc.; Dotmatics)
were used for statistical analysis. Data are presented as the
mean + SD. Kolmogorov-Smirnov test was used to determine
the distribution of each group. Paired student's t-test was used
to measure significance between adjacent tissues and CRC
tissues, while unpaired t-test (two-tailed) was used to determine
significance between two groups. One-way ANOVA followed
by Bonferroni's post hoc test was used to analyze >2 groups. A
paired t-test was used to analyze circRNAs between CRC and
adjacent normal tissue. All experiments were repeated at least
three times. P<0.05 was considered to indicate a statistically
significant difference.

Results

circ_0004662 is expressed highly in CRC samples. circBank
database was used to identify circRNAs derived from SOD
family genes (SODI1, SOD2 and SOD3). In total, five poten-
tial circRNAs were generated, including two derived from
SODI1 (hsa_circ_0061417 and hsa_circ_0115795) and three
from SOD2 (hsa_circ_0004662, hsa_circ_0078541 and
hsa_circ_0005472). No circRNAs were generated from SOD3
(Table SII). However, only two circRNAs (circ_0004662 and
circ_0078541) were successfully validated. Sanger sequencing
was performed to confirm back-splice sites of circ_0004662
and circ_0078541; this matched the information in circBase
(Fig. 1A and B). These circRNAs were resistant to RNase R
treatment, whereas linear SOD2 were considerably digested
with RNase R (Fig. 1C and D). Moreover, compared with
wild type (0 h), treatment with actinomycin D, which can
block new transcription, revealed that circ_0004662 and
circ_0078541 were more stable in comparison to SOD2
mRNA (Fig. 1E and F). This confirmed the circular structures
of circ_0004662 and circ_0078541 (Fig. 1G and H). Further
analysis revealed differential expression of circ_0004662
in cancerous tissues compared with adjacent normal tissues
(Fig. S1A). However, no significant difference was noted in
transcription levels of circ_0078541 (Fig. S1B). Collectively,
these findings underscore the potential importance of
circ_0004662 in CRC pathogenesis.

circ_0004662 promotes the malignant characteristics of
CRC cells both in vitro and in vivo. circ_0004662 expres-
sion was significantly higher in most CRC cell lines (DLD-1,
LOVO, COLO0205, Caco-2, SW480) compared with normal
colon epithelial cells (FHC; Fig. 2A). shRNAs targeting
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Figure 1. Characteristics of circSOD2. Reverse transcription-quantitative PCR products of (A) circ_0004662 and (B) circ_0078541 were analyzed via Sanger
sequencing. Arrow indicates back-splicing sites. Expression of (C) circ_0004662, (D) circ_0078541 and SOD2 mRNA in CRC cells with or without RNase
R treatment. Expression of (E) circ_0004662, (F) circ_0078541, and SOD2 mRNA in CRC cells following treatment with actinomycin D. Structure of
(G) circ_0004662 and (H) circ_0078541 from circPrimer. "P<0.05, “"P<0.01, “*P<0.001 vs. original group. circSOD2, circular RNAs derive from SOD2; CRC,

colorectal cancer; CDS, coding sequence; ns, not significant.

circ_0004662 were transfected into DLD-1 and SW480
cells, whereas overexpression vector for circ_0004662 was
transfected into HCT116 cells. circ_0004662 expression was
significantly decreased in DLD-1 and SW480 cells (Figs. 2B
and S2A) and circ_0004662 was significantly upregulated in
the HCT116 cells (Fig. 2C).

Functional analysis revealed that circ_0004662 down-
regulation markedly decrease migratory ability of CRC
cells (Figs. 2D and S2B). By contrast, circ_0004662 over-
expression contributed to migration ability of HCT116 cells
(Fig. 2D, right). The Transwell assay also demonstrated that
knockdown of circ_0004662 attenuated migration capacity in
DLD-1 cells (Fig. 2E). circ_0004662 knockdown attenuated
tumor growth in vivo (Fig. 3A-D). Immunohistochemistry
showed that the proportion of Ki-67 in the knockdown group
was lower than that in control group, indicating that knock-
down of circ_0004662 decreased the proliferation ability of
CRC cells in vivo (Fig. 3E). E-cadherin (E-cad), N-cad and
vimentin (VIM) are metastasis biomarkers (20,21); E-cad was

upregulated, whereas N-cad were downregulated following
knockdown of circ_0004662, while VIM expression was low
in both groups (Fig. 3E).

circ_0004662 is localized in the nucleus and cytoplasm
of CRC cells. Because circRNAs exert different functions
depending on cellular localization (22,23), subcellular frac-
tionation analysis was conducted to investigate localization of
circ_0004662. circ_0004662 was present in the nucleus and
cytoplasm of SW480 and HCT116 cells (Fig. 4A), which was
further confirmed via FISH in DLD-1 cells (Fig. 4B).

circ_0004662 is a non-coding RNA in CRC cells.
Using circDB database (reprod.njmu.edu.cn/circrnadb),
circ_0004662 was predicted to contain a potential ORF and a
putative internal ribosome entry site sequence; this suggested
that it can encode a 149-amino acid peptide (Fig. 5A).
To investigate whether endogenous circ_0004662 can be
translated into circ_0004662_149aa, Flag-coding sequence
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Figure 2. circ_0004662 promotes malignant biological characteristics in vitro and in vivo. circ_0004662 expression in (A) CRC cells and (B) DLD-1 cells
treated with shRNAs against the junction sites of circ_0004662. (C) Overexpression efficiency of circ_0004662 was measured by reverse transcription-quan-
titative PCR in HCT 116 cells. (D) Migratory ability of circ_0004662-knockdown or overexpressing CRC cells was assessed via wound healing assay. Scale
bar, 100 ym. (E) Migration ability of circ_0004662-knockdown CRC cells was measured via Transwell assay. Scale bar, 50 ym. "P<0.05, “P<0.01, ““P<0.001
vs. control. circ, circular; CRC, colorectal cancer; sh, short hairpin; ns, not significant; NC, negative control.

was inserted upstream of the stop codon in the potential
ORF sequence (Fig. 5B). Sanger sequencing confirmed the
sequences of the plasmids (Fig. S3). However, in transfected
cells, no FLAG-tagged proteins were detected at the predicted
molecular weight size (Fig. 5C). Furthermore, immunoblotting
using SOD2 antibody failed to identify circ_0004662_149aa
at the expected size in 293T cells (Fig. 5D). Collectively, these
findings confirm that circ_0004662 was a non-coding RNA.

circ_0004662 binds hnRNPM in CRC cells. MS2-CP-Flag
circRNA pull-down assay was performed to discover
the potential protein partners of circ_0004662 (Fig. 6A).
Plasmids expressing circ_0004662-MS2-GFP and
MS2-CP-Flag-mCherry were constructed. Using the
circ_0004662-MS2 tagging system, RIP assay was conducted
after co-transfecting circ_0004662 and MS2-CP-FLAG,
resulting in pull-down of protein complexes between MS2
and MS2-CP by Flag antibodies (Fig. 6B). Sanger sequencing
confirmed MS2-Flag insertion did not affect circRNA

circularization (Fig. S4A). RT-qPCR validated overexpres-
sion of circ_0004662 in the circ_0004662-MS2 tagging
system (Fig. 6C). Label-free LC-MS analysis revealed that
circ_0004662 may interact with multiple proteins, including
several ribosomal proteins (ribosomal protein L36, ribosomal
protein L35A, ribosomal protein S15A; Table SV), and genes
(subtilisin-like Serine Protease 1, pyruvate kinase, lipocalin-1,
S100 calcium binding Protein A9,) that serve key roles in
cancer progression (Table SVI). Based on previous literature,
PGK1 (24,25), SI00A9 (26,27), and hnRNPM (28,29) were
selected for further validation. A RIP assay was conducted
in DLD-1 cells using anti-hnRNPM, anti-PGK1 and
anti-S100A9 antibodies, and found significant enrichment
of circ_0004662 after anti-hnRNPM immunoprecipitation
compared with IgG (Fig. 6D); immunoblotting confirmed
this finding (Fig. S4B). hnRNPM can bind to circRNAs and
regulate their generation, thereby affecting biological func-
tions of cancer cells (29,30). Subsequent hnRNPM knockdown
decreased circ_0004662 expression (Figs. 6E and F and S5)
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in DLD-1 cells. The enhanced migration ability induced by  suggested that circ_0004662 promotes CRC progression by
circ_0004662 was reversed following silencing hnRNPM interacting with hnRNPM, highlighting the regulatory role of
in HCT116 cells (Fig. 6G). In conclusion, these findings the circ_0004662/hnRNPM interaction in CRC cells (Fig. S6).
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Discussion

Accumulating evidence indicates that non-coding
RNAs (31,32), particularly circRNAs, serve key roles in CRC
development (33-35). The present study characterized circRNAs
derived from SOD gene family and identified upregulation
of circ_0004662 in CRC cells and tissue. circ_0004662 was
present both in the cytoplasm and nucleus. As a non-coding
RNA, circ_0004662 binds hnRNPM and promotes the migra-
tion of CRC cells, thereby offering potential novel therapeutic
targets for personalized treatment of CRC.

Despite being formed by the same parental genes,
circRNAs exhibit varying roles in cancer progression. For
example, circUBAP2 facilitates malignant characteris-
tics in prostate (7) and breast cancer (36), hepatocellular
carcinoma (19) and osteocarcinoma (8); however, it inhibits
proliferation and metastasis of clear cell renal cell carcinoma
cells (10). Furthermore, linear Rho GTPase activating protein
35 (ARHGAP35) encodes a tumor suppressor, while circAR-
HGAP35 translates into an oncogenic large protein to promote
cancer progression (37). However, the specific role of circSODs
in regulating biological characteristics of CRC cells remains
unclear. circ_0004662 accelerates osteoarthritis progression
via the microRNA (miR)-424-5p/VEGFA axis (38), and
circ_0004662 drives progression of hepatocellular carcinoma
by serving as a sponge for miR-502-5p and activating the
JAK?2/STATS3 signaling pathway (39). Furthermore, the Paired
Box 5/circ_0004662/miR-532-3p axis serves an important
role in promoting the proliferation, invasion and migration of
clear cell renal cell carcinoma cells (40). Here, circ_0004662
contributed to the migration ability of CRC cells in vitro.

E-cadherin, N-cadherin, vimentin, matrix metallopro-
teinases, claudins, epithelial cell adhesion molecules and
cytokeratins are common biomarkers for the detection of
epithelial-mesenchymal transition (EMT), which is a vital
phenotype in metastasis (20). Downregulated E-cad and
upregulate N-cad and VIM can promote EMT, leading to
increased invasiveness and metastasis in CRC (21). Here,
E-cad was upregulated, whereas N-cad was downregulated
following knockdown in circ_0004662. circRNA SOD2
promotes EMT in non-small cell lung cancer advancement via
acting as miR-2355-5p competing endogenous RNA to mediate
calmodulin-regulated spectrin associated proteins-2 (41).

Although most circRNAs are non-coding RNAs, many are
translated to peptides and regulate biological characteristics of
cancer cells, affecting tumor progression (42,43). For example,
circAXIN1 encodes AXIN1-295aa and promotes gastric cancer
progression by activating the Wnt/B-catenin signaling pathway
(18). A novel protein encoded by circ_0017272 promotes
multiple myeloma progression by regulating the bone marrow
microenvironment and circ_0133744 could encode proteins
promote CRC proliferation and metastasis (44,45). The present
study evaluated the translation potential of circ_0004662 and
suggested that it interacts with multiple ribosomal proteins.
However, the predicted 149aa peptide encoded by circ_0004662
was not detected. This warrants additional investigation consid-
ering the complex translation process.

With advances in high-throughput screening, multiple
RBPs have been implicated in cancer progression (46,47).
Interaction between circ_0004662 and RBPs in CRC remains

unexplored, the present study noted a direct interaction
between circ_0004662 and hnRNPM. Accumulating evidence
indicates that hnRNPM contributes to cancer cell metastasis
in hepatocellular carcinoma (28,48) and breast cancer (49,50).
Notably, as an RBP, hnRNPM can interact with circRNAs
and control their expression via the alternative splicing of
circRNAs (51), which may impair the stability of target
genes. For example, circ_0000921 directly interacts with
hnRNPM to modulate alternative splicing of genes involved
in the process of cell migration, thus regulating gastric
cancer metastasis (29). Further, combination of hnRNPM
with circ_0003764 enhances the ability of hnRNPM to
maintain the stability of IL-6 mRNA and further activates
the STAT3 signaling pathway, promoting progression and
sunitinib resistance in renal cell carcinoma (52). Clinical colon
cancer specimens and mouse carcinogenesis model show
that hnRNPM is elevated during the development of CRC
and is associated with poor prognosis (53), and genome-wide
transcriptomics and translatomics analyses have revealed a
unique set of hnRNPM-targeted genes involved in metabolic
processes and cancer neoplasia are selectively translated under
hypoxia (53). Further, hnRNPM bind with carcinoembryonic
antigen (CEA), which may participate in the antiapoptotic role
of CEA and mediate the prometastatic properties of CEA in
colon cancer cells, but needs future experiments (54). In the
present study, hnRNPM knockdown impaired circ_0004662
expression; this indicated the role of hnRNPM in regulating
circ_0004662 in CRC cells. However, target genes of hnRNPM
associated with CRC progression remain unclear. Therefore,
the specific mechanisms of how circ_0004662 and hnRNPM
promotes CRC metastasis should be assessed in future research.

In conclusion, circ_0004662 promoted CRC cell migra-
tion by interacting with hnRNPM. The present findings
may provide novel insights into the potential strategies for
personalized therapy for patients with CRC.
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