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Exosomes containing circSCP2 in colorectal 2
cancer promote metastasis via sponging
miR-92a-1-5p and interacting with PTBP1

to stabilize IGF2BP1
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Abstract

Exosomes have emerged as significant biomarkers for multiple diseases, including cancers. Circular RNAs (circRNAS),
abundant in exosomes, are involved in regulating cancer development. However, the regulatory function and the
underlying molecular mechanism of hsa_circ_0006906 (circSCP2) in colorectal cancer (CRC) metastasis remain
unclear. A competing endogenous RNA microarray was used to analyze circRNA expression in serum exosomes
in patients with CRC at early and late stages. circSCP2 expression was evaluated using gRT-PCR. The biological
functions of circSCP2 in CRC were assessed through in vitro and in vivo experiments. The molecular mechanism
of circSCP2 was explored using western blotting, RNA pulldown, RNA immunoprecipitation, luciferase assays,

and relative rescue experiments. circSCP2 expression was significantly elevated in CRC tissues, with higher levels
in serum exosomes correlating with advanced TNM stages. circSCP2 knockdown inhibited CRC cell proliferation,
migration, invasion, and metastasis in vitro and in vivo. Mechanistically, circSCP2 sponged miR-92a-1-5p to
increase insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1) expression. Additionally, circSCP2 directly
bound to and stabilized polypyrimidine tract binding protein 1 (PTBP1) by inhibiting protein ubiquitination,
resulting in IGF2BP1 mRNA stabilization and enhanced CRC migration and invasion. Our findings demonstrate
that circSCP2 regulates the miR-92a-1-5p/IGF2BP1 pathway, promotes PTBP1/IGF2BP1 interaction, and accelerates
CRC progression. Exosomal circSCP2 is a promising circulating biomarker for CRC prognosis and needs further
therapeutic investigation.

Keywords circRNA, Colorectal cancer, IGF2BP1

3Key Laboratory of Regenerative Medicine of Ministry of Education,
Institute of Aging and Regenerative Medicine, Jinan University,
Guangzhou 510632, China

fQing Meng, Haoyi Xiang, Yijing Wang, and Kepeng Hu contributed
equally to this work.

*Correspondence: “4Present address: Department of Thyroid and Breast Surgery, Taizhou Enze
Zhangfa Song Medical Center (Group), Enze Hospital, Taizhou 318000, China
songzhangfa@zju.edu.cn *Present address: Department of Breast Surgery, The Second Affiliated
'Department of Colorectal Surgery, Sir Run Run Shaw Hospital, Zhejiang Hospital, Zhejiang University School of Medicine, Hangzhou

University School of Medicine, Hangzhou 310016, China 310009, China

2Key Laboratory of Biological Treatment of Zhejiang Province,
Hangzhou 310016, China

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13062-024-00571-1&domain=pdf&date_stamp=2024-12-6

Meng et al. Biology Direct (2024) 19:130

Background

Colorectal cancer (CRC) is the third most common
malignant tumor worldwide and the second leading
cause of cancer-related death [1]. While primary CRC
can be surgically treated, the average 5-year overall sur-
vival rate in China remains at 60%, even after surgery.
Approximately 20% of patients present with synchronous
liver metastases (LM) at diagnosis. Metastasis is the lead-
ing cause of death, highlighting the need for additional
therapeutic targets to prevent metastasis and increase
the overall survival of metastatic CRC.

Circular RNAs (circRNAs) are non-coding RNAs that
have attracted significant attention. Unlike linear RNA,
its 3’ and 5’ terminals are connected by reverse splicing,
making them resistant to degradation by exonuclease
RNase R and thus more stable [2—4]. Evidence suggests
that circRNAs play vital roles in regulating carcinogen-
esis and cancer progression, often by binding microR-
NAs (miRNAs) and regulating downstream target gene
expression at the post-transcriptional level [4—6]. Recent
studies also confirmed that circRNAs can interact with
RNA-binding proteins (RBPs) to modulate their inter-
acted mRNA stability and function [4—8]. However, the
mechanisms of circRNAs in CRC remain poorly under-
stood. Cancer-derived exosomes are small vesicles
(30-100 nm in diameter) that travel through interstitial
spaces and body fluids such as blood and urine [4, 9, 10].
These exosomes, enriched with circRNAs, can be trans-
ported to receptor cells, modulating tumor invasion,
angiogenesis, immune escape, and metastasis [4, 11]. For
example, Li et al. revealed that pancreatic cancer cells
could secrete exosomal circIARS to increase vascular
permeability, promoting tumor invasion and metastasis.
Similarly, Wang et al. discovered that oxaliplatin-resis-
tant CRC cells secreted and delivered exosomal hsa_
circ_0005963 to sensitive cells to promote glycolysis and
drug resistance through the miR-122-PKM2 axis [12].
Exosomes thus play important roles as cargoes between
tumor cells and microenvironments. Recent studies have
focused on circRNAs in exosomes to improve accuracy
in tumor diagnosis and treatment.

This study revealed that hsa_circ_0006906 (circSCP2)
was significantly upregulated in plasma exosomes from
patients with CRC and metastases compared with those
from early-stage patients. Additionally, circSCP2 was
highly expressed in CRC tissues and positively corre-
lated with advanced tumor progression. CRC cells with
elevated circSCP2 expression exhibited a strong ability
for growth, migration, and epithelial-to-mesenchymal
transition (EMT) in vitro and in vivo. Further exploration
indicated that circSCP2 can restore cancer-promoting
insulin-like growth factor 2 mRNA-binding protein 1
(IGF2BP1) expression via sponging miR-92a-1-5p, ulti-
mately promoting CRC metastasis. Additionally, we also
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discovered that circSCP2 interacted with Polypyrimidine
Tract Binding Protein 1 (PTBP1), inhibiting ubiquity-
lation-induced PTBP1 degradation, hence enhancing
IGF2BP1 mRNA stabilization.

Moreover, CRC cells with elevated circSCP2 expression
exhibited reduced sensitivity to Oxaliplatin. And supris-
ingly, we confirmed exosomal circSCP2 uptake could
activate carcinoma-associated fibroblast (CAF) precursor
LX2 cells, normal fibroblasts and also transform macro-
phages into immuno-suppressive M2 state to promote
pro-tumor functions. Overall, our findings identified
a novel prognostic biomarker and treatment target for
patients with CRC.

Materials and methods

Clinical specimens

All CRC and paired normal tissues were collected from
patients who underwent surgery between 2019 and 2022
at the Sir Run Run Shaw Hospital (Hangzhou, Zhejiang,
China). After surgery, tissue specimens were pathologi-
cally validated and preserved at —80 ‘C until further use.
The stages of CRC tissues were classified according to the
tumor-node-metastasis (TNM) staging system. Serum
samples were also obtained from normal donors and
patients with CRC at Sir Run Run Shaw Hospital. The
Ethics Committee of Sir Run Run Shaw Hospital, Zheji-
ang University, approved this study.

Extraction of exosomes

Exosomes were collected when CRC cells reached 80%
confluence, and the medium was replaced with the
exosome-free medium. The conditioned medium was
collected after 2 days and extracted using differential cen-
trifugation. The medium was first centrifuged at 500 X g
for 15 min to remove cells, then at 10,000 x g for 30 min
to remove cell debris. Ultracentrifugation was performed
at 120,000 x g for 70 min at 4 C. The resulting pellet was
resuspended in phosphate-buffered saline (PBS) and cen-
trifuged again at 120,000 X g for 70 min to obtain pure
exosomes. The concentration of extracted exosomes
was measured using the BCA Protein Assay Kit (Mei-
lunBio, Shenyang, China). The diameters and morphol-
ogy of exosomes were assessed by transmission electron
microscopy (TEM) (HT-7700, Hitachi).

Cell lines and cell culture

Human CRC cell lines, including SW480, SW620, DLD1,
HCT116, RKO, HT29, and LOVO, normal colonic epi-
thelial cell line NCM460, LX2 and human macrophage
cell line THP1 were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Human
embryonic kidney cells (HEK-293T) were acquired from
the Cell Bank of the Shanghai Academy of Chinese Sci-
ences. Normal fibroblasts (NF) were isolated from tumor
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colonic tissues of CRC patients. Cell lines were cultured
in DMEM (Gibco) or RPMI 1640 medium (Gibco) with
10% fetal bovine serum (Gibco) and 1% penicillin-strep-
tomycin and incubated at 37 ‘C with 5% CO2.

RNA interference (RNAi) and plasmid transfection

siRNAs targeting circSCP2 junction sites were obtained
from RiboBio (Guangzhou, China) and transfected into
RKO and LOVO cells using Lipofectamine RNAIMAX
(Invitrogen, CA, USA). To create stable circSCP2 knock-
down or overexpression, relative plasmids were obtained
from GenePharma Co. Ltd., Shanghai, China. The
sequences are listed in Table S1. Lentivirus was created
in 293T cells using a Lenti-Pac HIV Expression package
kit and Lipofectamine 3000 (Invitrogen, CA, USA) fol-
lowing the manufacturer’s instructions. RKO, LOVO,
HCT116 and SW480 cells were infected and treated with
puromycin (Gibco, Grand Island, NY, USA) for several
days to generate stable cells with circSCP2 knockdown or
overexpression.

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA of cells or tissues was extracted using the
SteadyPure RNA extraction Kit (AG21017, Accurate
Biology, Changsha, China), following the manufacturer’s
instructions. After RNase R or actinomycin D treatment,
RNAs were reverse transcribed into ¢cDNA using the
Evo M-MLV RT Premix kit following the manufacturer’s
instructions (Accurate Biology, Changsha, China). qRT-
PCR was performed using the Hieff UNICON® qPCR
SYBR® Green Master Mix (Yeasen, Shanghai, China)
and a Roche LightCycler 480 II PCR instrument (Basel,
Switzerland). circRNA and mRNA expression levels were
normalized using -actin. Relative RNA expressions were
determined using the 2722 method. Primers are listed
in Table S1.

RNase R and actinomycin D treatment

For RNase R treatment, total RNA was incubated with
or without 3 U/pg RNase R (MedChemExpress, Shang-
hai, China) for 15 min at 37 “C. Cells undergoing relative
transfections were treated with 5 ug/mL actinomycin D
(MedChemExpress, Shanghai, China) or DMSO and col-
lected for RNA extraction at the indicated time points.
The resulting RNA was reverse-transcribed and analyzed
by qRT-PCR.

RNA sequencing

RKO cells transfected with siRNA-NC or siRNA-circ-
SCP2 (n=3) were used for RNA-seq, with analysis con-
ducted by Majorbio (Shanghai, China).
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CCK8 (cell counting kit-8) and EdU (5-ethynyl-2’-
deoxyuridine) assays

CCK8 and EdU assays were performed to investigate the
cell proliferation ability following different treatment.
A total of 5000 cells resuspended in 100pL of medium
containing 10% fetal bovine serum (FBS) was added to
the 96-well plate. The OD values were read after 2-hour
of addition of 10% CCKS8 detection kit (MeilunBio,
Shenyang, China) and continuously detected for 5 days.
The EdU assays (C10310-1, RiboBio, Guangzhou, China)
were performed following the manufacturer’s instruc-
tions. The results were then photographed under a fluo-
rescence microscope (DM IL LED, Leica, Germany).
Each experiment was performed in triplicate.

Transwell assay

Migration and invasion assays were performed using
transwell chambers (Corning, 3422, USA) precoated with
or without Matrigel. A total of 50,000 cells resuspended
in 100 pL of serum-free medium were seeded in the
transwell upper chamber, while 600 pL of medium con-
taining 10% fetal bovine serum (FBS) was added to the
lower chamber. After 24 h, the invaded cells were fixed
using 4% polymethanol for 20 min, stained with crystal
violet (Sigma, MO, USA) for 30 min, and photographed
under a microscope. Each experiment was performed in
triplicate.

Wound-healing assay

When cells under different treatments reached 100%
confluence, the cell monolayer was scratched using a 10
pL pipette tip. To minimize the effects of cell prolifera-
tion, cells were cultured in a medium containing 1% FBS.
Relative wound healing rates were calculated as the ratio
of the migrated distance over relative times to the ini-
tial scratched width. Each experiment was performed in
triplicate.

Colony formation assay

A total of 50,00 cells resuspended in 2mL of medium
containing 10% fetal bovine serum (FBS) was added to
the 6-well plate. The mediun was changes every 2 days.
After 7 days, the formed cell colonies were fixed using
4% polymethanol for 20 min, stained with crystal violet
(Sigma, MO, USA) for 30 min, and photographed. Each
experiment was performed in triplicate.

Antibodies and western blotting

Primary antibodies used were anti-E-cadherin (20874-
1-AP, Proteintech), anti-N-cadherin (22018-1-AP, Pro-
teintech), anti-MMP2 (AF5330, Affinity), anti-IGF2BP1
(22803-1-AP, Proteintech), anti-Vimentin (10336-1-
AP, Proteintech), anti-PTBP1 (12582-1-AP, Protein-
tech, 67462-2-1 g, Proteintech), and anti-GAPDH
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(60004-1-AP, Proteintech) antibodies. CRC cells were col-
lected, washed, and lysed using RIPA lysis buffer (FD009,
Fudebio, Hangzhou, China). Protein concentrations were
quantified using a BCA Protein Assay Kit (MeilunBio,
Shenyang, China). Proteins were separated by 8-12%
SDS-PAGE and transfected to PVDF membranes (Milli-
pore, Schwalbach, Germany). Membranes were blocked
with TBST buffer containing 5% skim milk powder and
incubated with the corresponding primary antibodies
at 4 C overnight. At room temperature, the membrane
was hybridized for 1 h with an HRP-conjugated second-
ary antibody (FDM007 and FDR007, Fudebio, Hangzhou,
China). The signals were detected using an enhanced che-
miluminescence kit (FD8030, Fudebio, Hangzhou, China).

RNA-protein immunoprecipitation (RIP) and RNA pulldown
RIP analysis was performed using a Magna RNA-binding
Protein Immunoprecipitation Kit (17-701, Merck Millipore,
Bedford, MA, USA) following the manufacturer’s instruc-
tions. RKO whole-cell lysates were prepared and incubated
with anti-AGO2 antibody or negative control anti-IgG anti-
body (17-701, Merck Millipore, Bedford, MA, USA) at 4 'C
overnight. Enriched RNAs were measured using gqRT-PCR
as described above and normalized to input samples.

The biotin-coupled RNA complex was pulled down
using an RNA-protein pulldown kit (Bes5102, Bersin-
Bio, Guang Zhou, China) following the manufacturer’s
instructions. The 5’ biotin-labeled oligonucleotide probe
targeting the circSCP2 junction site was synthesized by
GenePharma. Biotinylated circSCP2 was captured with
streptavidin magnetic beads and incubated with cell
lysates at 4 'C overnight. After purifying the immunopre-
cipitated proteins from the magnetic beads, the enriched
proteins were analyzed using silver staining, western
blotting, and liquid chromatography-mass spectrometry.

Immunoprecipitation (IP) assay

An anti-PTBP1 antibody (12582-1-AP, Proteintech) was
used for the IP ubiquitination assay. To analyze the in-
vitro ubiquitination of circSCP2-overexpressing SW480
cells and circSCP2-knockdown RKO cells, MG132 was
added for 6 h before protein collection. Proteins were
incubated with Pierce Protein A/G Magnetic Beads
(88802, Thermo Scientific™, USA) and anti-PTBP1 anti-
body overnight (12582-1-AP, Proteintech). The immune
complexes were centrifuged and washed, and proteins
were analyzed by western blotting with an anti-ubiquitin
antibody (3936, Cell Signaling Technology) following the

manufacturer’s instructions.

FISH (fluorescence in situ hybridization)

The FAM (fluorescein amidite)-labeled circSCP2 RNA
probe were designed and synthesized by Servicebio
(Wuhan, China). To analyze the distribution of circSCP2
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in CRC tumor tissues and cells lines, the FISH assays
were performed using a Fluorescent In situ Hybridization
Kit (RiboBio, Guangzhou, China) following the manufac-
turer’s guidelines. Images were acquired using a fluores-
cence microscopy (Eclipse E6000; Nikon, Corporation,
Tokyo, Japan).

HE (Hematoxylin and eosin), IHC (immunohistochem-
istry) and IF (immunofluorescence).

The tissues were embedded in paraffin and made into
slices (4 um). For H&E, paraffin was removed from
slices with 3 times of xylene for 30 min, and slices were
soaked in varying alcohol concentrations (from high
to low). Then the slices were stained in a hematoxylin
water solution for staining for 1 min, then decolorized
with ammonia, alcohol, and distilled water successively.
Finally, decolorized slices were sealed with resin and
photographed. For the IHC assay, after the paraffin was
removed from slices, the slices undergone antigen-
repaired in Citrate Antigen Retrieval solution (Service-
bio (Wuhan, China) and then 10% goat serum was added
to the slices at room temperature for 1 h. Then, primary
antibodies were added overnight at 4°C. The second-
ary antibody was added to slices and incubated at room
temperature for 2 h. Then the slices were subsequently
treated with DAB, washing, hematoxylin stain, and
washing. Finally, slices were sealed and captured under
a microscope. For IF staining in cells, following fixation
with 4% paraformaldehyde, cells were blocked using 10%
goat serum. And the primary antibodies were added
overnight at 4°C. The secondary antibody and DAPI
(4,6-diamidino-2-phenylindole) was subsequently added
to slices and incubated at room temperature for 2 h and
5 min, respectively. After addition of Antifade Mountant
(Haoke, Hangzhou, China), images were acquired using a
fluorescence microscopy (DM IL LED, Leica, Germany).

Flow cytometry analysis

After THP1 was stimulated into MO state using 100 ng/
ml of phorbose-12-myristose-13-acetate (PMA) for 24 h,
they were treated with the exosomes extracted from
SW480 NC or SW480 circSCP2-OE cells for another
24 h. Then cells were digested and filtered through 40 um
meshes to generate single cell suspensions for subse-
quent flow cytometry analysis. Cells were subsequently
stained with Fc block, Zoobie Violet™ Fixable Viability Kit
(423114, Biolegend, San Diego, CA, United States), PE
anti-mouse/human CD11b Antibody(101207, Biolegend,
San Diego, CA, United States) and APC/Cyanine7 anti-
human CD206 (MMR) Antibody(321120, Biolegend, San
Diego, CA, United States). Analysis was conducted using
a flow cytometer (CytoFlex S, Beckman Coulter, United
States), and the data were processed and interpreted with
FlowJo software (Tree Star) to assess cell populations and
their activation states.
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(See figure on previous page.)

Fig. 1 Exosomal circSCP2 was enriched in CRC patients serum and tumor tissues. (A) Morphology and size of exosomes obtained from serum of patients
with colorectal cancer under scanning electron microscope (SEM). Scale bar, 200 um. (B) Heat maps of differentially expressed circular RNAs obtained
from exosomes of three pairs of patients with early and advanced colorectal cancer. (C) gRT-PCR analysis of circSCP2 mRNA expression in serum from
healthy donors, patients before, after surgery as well as patients undergo relapse (N=10 patients/group). (D) Correlation analysis of circSCP2 mRNA ex-
pression between patient plasma exosomes and tissues. (E) gRT-PCR analysis of circSCP2 mRNA expression within 50 pairs of normal and tumor tissues.
(F) gRT-PCR analysis of circSCP2 mRNA expression within tissues from CRC patients under different stages. (N=50 patients) (G) The schematic showed
the circularization and back-splicing mode of SCP2 exon 1 to form circSCP2. The back-to-back splice junction site was confirmed by Sanger sequencing
using the divergent primer. (H) Agarose gel electrophoresis of PCR product amplified from cDNA and gDNA of RKO cells using convergent and divergent
primers. GAPDH was used as the negative control. (I) gRT-PCR analysis of circSCP2, linear SCP2 in RKO, HCT116 and LOVO cells with or without RNase R
treatment. (J) CircSCP2 and linear SCP2 expression levels were detected after actinomycin D treatment in RKO cells. (K) FISH assays showed that the spatial
distribution of circSCP2 was mostly present in tumor tissues and tumors with last stages and metastatic tumors such as liver metastases also showed
extremely high expression of circSCP2. Scale bar, 50 um. (L) FISH assays showed that the sub-cellular distribution of circSCP2 was mostly present in the
cytoplasm. Scale bar, 50 um. The data were independently repeated at least three times. Differences between two groups were analyzed using Student’s

t-tests

Animal model

For the lung metastasis model, 2x10° pretreated RKO
cells were suspended in sterile PBS and injected intra-
venously into the tail veins of BALB/c nude mice (male,
4 weeks old). The LM model was established via intra-
splenic injection of 2x10° pretreated RKO cells. After
approximately 1 month, the mice were anesthetized with
isoflurane and intraperitoneally injected with 150 mg/kg
D-luciferin (Yeason, Shanghai, China) for in vivo tumor
imaging. After 15 min, tumor cells labeled by lumines-
cence were imaged using a Spectrum in vivo imaging
system (PerkinElmer, USA). Lung and liver tissues were
harvested, fixed with phosphate-buffered formalin, and
subjected to hematoxylin and eosin staining following the
manufacturer’s instructions.

Statistical analyses

Statistical analyses were performed using the Statisti-
cal Package for the Social Sciences (version 25.0; SPSS
Inc., Chicago, IL, USA) and GraphPad Prism (version
9; GraphPad, San Diego, CA, USA) software. Data are
presented as the meanzstandard deviation (SD) from
at least three independent experiments. Differences
between two groups were analyzed using Student’s
t-tests, while differences among multiple groups were
calculated by one-way analysis of variance (ANOVA)
with Dunnett’s multiple comparisons test. Associations
between circSCP2 expression and clinicopathological
characteristics were evaluated using the Chi-square test.
Detailed description of data, statistical methodology
used, and sample size can be found at the end of the fig-
ure legend corresponding to each figure.

Results

circSCP2 is elevated in CRC tissues and patient serum
exosomes

To identify potential circRNA candidates involved in
CRC progression, we performed competing endog-
enous RNA (ceRNA) microarray sequencing to profile
differentially expressed circRNAs in serum exosomes
(Fig. 1A) from three patients with CRC and distant

metastases and three patients with CRC but without
metastases. In total, 1,862 circRNAs were significantly
expressed based on fold-change (FC) filtering (|log2FC]|
>1) and P-value<0.05. To identify a promising prognos-
tic circRNA critical during cancer progression, we ran-
domly selected 5 circRNAs from the top 35 candidates
(hsa_circ_0068545, hsa_circ_0009071, hsa_circ_0073014,
circSCP2, and hsa_circ_0082968) with significantly high
expression based on raw abundance signals and FCs.
We then used quantitative real-time PCR (qRT-PCR) to
determine their expression levels in 10 pairs of CRC tis-
sues from patients (Figures SIA-E). Only circSCP2 was
significantly upregulated in tumor tissues compared with
normal tissues. circSCP2 was selected for further investi-
gation as it was one of the most upregulated non-coding
RNAs in our microarray data (7.78-fold change) (Fig. 1B).
Next, we used qRT-PCR to detect and analyze plasma
circSCP2 expressions in healthy donors, patients before
and after surgery, and patients with recurrent cancer.
Plasma circSCP2 expression was significantly upregulated
in relapsed and preoperative patients (Fig. 1C). We also
discovered a positive correlation between serum exosomal
and cancer tissue circSCP2s (Fig. 1D). Western blotting
was used to analyze the exosome markers TSG101, CD63,
and CD81 (Figure S1F). In 50 paired CRC tissues and
corresponding normal tissues, 37 pairs of cancer tissues
exhibited elevated circSCP2 expression, while 13 pairs
exhibited decreased circSCP2 expression (Fig. 1E). We
also discovered that circSCP2 expression increased with
cancer progression (Fig. 1F). No significant differences
were observed in circSCP2 expression in paired normal
fibroblasts (NAFs) and carcinoma-associated firoblasts
(CAFs) (Figure S1G). Overall, we hypothesized that circ-
SCP2 played a critical role in tumor development.
According to the circBase database, circSCP2
(chr1:53459074-53459374) is 300 base pairs long and
is derived from the sterol carrier protein 2 (SCP2) gene
(Fig. 1GQ). Gel electrophoresis confirmed the circular
characteristic of circSCP2 (Fig. 1H), and Sanger sequenc-
ing confirmed its existence and back-splicing position
(Fig. 1G). To assess circSCP2 stability, RKO, HCT116, and
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LOVO cells were treated with RNase R, and qRT-PCR
results exhibited that circSCP2 was more stable than lin-
ear SCP2 transcripts (Fig. 1I). Additionally, circSCP2 was
resistant to actinomycin D treatment compared with the
linear SCP2 (Fig. 1J). To identify circSCP2 expression
in CRC tissues, we performed FISH assays. Consistent
with qRT-PCR results, circSCP2 was significantly over-
expressed in CRC tissues compared with normal tissues.
Advanced (CRC tissues at stage III or IV) and metastatic
tumors also exhibited higher circSCP2 expressions. Tumor
stroma also expressed elevated circSCP2 (Fig. 1K). Over-
all, exosomal circSCP2 may orchestrate tumor microenvi-
ronments during tumor progression. The FISH assay was
also performed to determine the subcellular circSCP2 dis-
tribution in RKO cells, and the majority of circSCP2 was
preferentially localized in the cytoplasm (Fig. 1L). Clinical
data from 50 cases revealed that circSCP2 expression was
significantly correlated with tumor stage and lymph node
invasion (Table S1). In summary, our data indicate that
circSCP2 is upregulated in CRCs and is strongly associ-
ated with tumor progression and metastasis.

circSCP2 promotes the proliferation, invasion and
metastasis of CRC

To evaluate the biological function of circSCP2 in vitro,
we used qRT-PCR to assess its expression levels in nor-
mal human intestinal epithelial cells (NCM460 cells) and
CRC cells (SW480, SW620, Colo320, HCE8093, DLDI,
HCT116, RKO, LOVO). HCT116, RKO and LOVO cells
exhibited significantly higher circSCP2 expression levels
than NCM460 cells (Fig. 2A). Then, we chose RKO and
LOVO cells for further investigation. Three small inter-
fering RNAs (siRNAs) were designed and transfected
into RKO and LOVO cells, and qRT-PCR analysis vali-
dated that si-circSCP2#1 and si-circSCP2#3 significantly
decreased circSCP2 expression. Therefore, si-circSCP2#1
and si-circSCP2#3 were used to investigate circSCP2
function in vitro (Fig. 2B). CCK8 and EdU assays revealed
that circSCP2 knockdown inhibited CRC cell proliferation
(Fig. 2C-D). Wound healing assays revealed that reduc-
ing circSCP2 expression significantly suppressed CRC
cell migration (Fig. 2E). Transwell assays indicated that
reduced cicSCP2 expression significantly reduced CRC
cell migration and invasion abilities (Fig. 2F). Plate colony
formation assay results similarly demonstrated that circ-
SCP2 depletion decreased cell proliferation (Fig. 2G).
These results indicated that circSCP2 significantly affected
CRC cell proliferation, migration, and invasion.

The role of circSCP2 in vivo was then investigated. RKO
cells stably transfected with sh-circ#1 or a control vector
were injected subcutaneously into nude mice. Consistent
with the in vitro results, circSCP2 knockdown signifi-
cantly decreased tumor volume and growth rate (Fig. 3A-
B). Furthermore, RKO cells transfected with sh-circ#1
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or a control vector were injected into the tail vein and
spleen to create lung metastasis and LM models, respec-
tively. HE staining revealed that mice injected with circ-
SCP2-knockdown RKO cells exhibited smaller and fewer
metastatic tumor nodules in the lungs (Fig. 3C-D) and liv-
ers (Fig. 3G-H). IHC staining also showed expressions of
EMT-related proteins including N-cadherin and Vimentin
were decreased in the lung and liver metastase (Fig. 3E-
I). Quantitative analysis of metastases and luminescence
in the lung metastasis and liver metastasis of mice mod-
els also confirmed decreased metastases in mice injected
with circSCP2-knockdown RKO cells (Fig. 3F-J). These
results confirmed that circSCP2 could play an oncogenic
role in CRC by promoting invasion and metastasis.

circSCP2 serves as a sponge for miR-92a-1-5p

Given that the predominant function of circRNA is miRNA
sponging, we investigated whether circSCP2 could bind to
miRNAs and mediate CRC metastasis. Overlapping pre-
dictions from three databases (miRanda, Targetscan, and
RNAhybrid) identified 26 miRNAs that might probably
bind to circSCP2 (Fig. 4A). Based on expression levels and
prognosis of these 26 miRNAs predicted by Targetscan,
only miR-26-3p and miR-92a-1-5p were downregulated in
CRC. To validate the miRNA candidates, we conducted a
dual-luciferase reporter assay. When miR-92a-1-5p mimics
were cotransfected with the circSCP2 wild-type dual-lucif-
erase reporter plasmid, luciferase activity was significantly
reduced compared with NC mimics, whereas miR-26-3p
mimics exhibited no effect. In contrast, the luciferase activ-
ity of circSCP2 mutant dual-luciferase reporter plasmid
was unaffected by miR-92a-1-5p mimics (Fig. 4B). Most
studies revealed that argonaute 2 (AGO2) is the core com-
ponent of the miRNA-induced silencing complex, which
plays an important role in tumorigenesis and invasion. We
performed a biotin-labeled RNA pulldown assay (RIP),
which confirmed that circSCP2 was significantly enriched
in RKO cells overexpressing miR-92a-1-5p obtained with
the anti-AGO2 antibody (Fig. 4C). Targetscan predicted
that miR-92a-1-5p expression is decreased in CRC tissues
(Fig. 4D). Consistently, we confirmed that miR-92a-1-5p
expression in CRC tissues was negatively correlated with
circSCP2 (Fig. 4E). Additionally, FISH assays demonstrated
colocalization of circSCP2 and miR-92a-1-5p in the cyto-
plasm (Fig. 4F). The results suggested that circSCP2 can
directly bind to miR-92a-1-5p. The results of qRT-PCR
confirmed that RKO and LOVO cells transfected with sh-
circ#1 exhibited the lowest circSCP2 expression, so we
used sh-circ#1 plasmid for circSCP2 expression knock-
down in subsequent experiments (Figure S2A). CCK8
assays revealed that circSCP2 knockdown decreased the
proliferation of RKO and LOVO cells, which were inhib-
ited by miR-92a-1-5p inhibitor (Figures S2B-C). Wound
healing and transwell assays further demonstrated that
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Fig. 2 Knockdown of circSCP2 suppressed proliferation, invasion and migration of CRC cells. (A) gRT-PCR analysis of circSCP2 mRNA expression among
normal colonic epithelial cells (NCM460) and CRC cells (SW480, SW620, Colo320, HCE8093, DLD1, HCT116, RKO, LOVO). (B) gRT-PCR analysis was used to
evaulate the transfection efficiency of three types of siRNAs in colorectal cancer cells (RKO and LOVO cells). (C) CCK8 assays and (D) EdU analysis were
used to determine the growth ability of CRC cells after knocking down the expression of circSCP2 relative to the negative control group. (E) Wound heal-
ing assays were used to evaluate the effect of circSCP2 knockdown on the invasion ability of RKO and LOVO cells. (F) Transwell experiments were used
to evaluate the effect of circSCP2 knockdown on the migration and invasion ability of RKO and LOVO cells. (G) Colony formation assays were conducted
to evaluate the proliferation ability of CRC cells after knocking down of circSCP2. The data were independently repeated at least three times. The results
were presented as the means+SD. Data were compared using one-way ANOVA with Dunnett’s multiple comparisons test

miR-92a-1-5p inhibitor significantly mitigated the inhibi-
tory effect of circSCP2 knockdown CRC cell migration and
invasion (Fig. 4G-H and Figure S2D-E). Similar results were
observed in colony formation assays (Figure S2F).

circSCP2 inhibits miR-92a-1-5p-induced silencing of
IGF2BP1

Using RNA-seq, we analyzed the altered mRNA follow-
ing circSCP2-knockdown. Gene ontology (GO) enrich-
ment analysis demonstrated that circSCP2 suppression
significantly affected extracellular matrix (ECM) con-
struction, angiogenesis, and cell adhesion, indicating

a strong correlation between circSCP2 and metastasis
(Fig. 5A). Additionally, GSEA analysis confirmed a posi-
tive correlation between circSCP2 expression and EMT
(Fig. 5B). To identify downstream targets through which
circSCP2 functions as a miRNA sponge for miR-92a-1-5,
we used TargetScan, miRNA-walk, and miRDB with our
RNA-seq results, and IGF2BP1 and PPFIA were identi-
fied as potential candidates (Fig. 5C). qRT-PCR analysis
revealed that transfections with miR-92a-1-5p mimics
and inhibitors significantly reduced IGF2BP1 mRNA
expression compared with the control group (Fig. 5D).
However, regardless of transfection, PPFIA4 expression
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model injected with RKO cells (n=10 mice/group). (C) Representative images and (D) relative HE staining of lung metastasis of mice using luciferase-
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metastases and luminescence in the liver metastasis mice models (n=4 mice/group). Scale bar, 400 um. The results were presented as the means+SD.

Data were compared using Student’s t-tests

in miR-92a-1-5p mimics or inhibitors exhibited no
significant changes (Fig. 5D). We also confirmed that
IGF2BP1 mRNA expression was positively correlated
with circSCP2 in our CRC tissues (Fig. 5E). Similarly,
IGF2BP1 protein levels in CRC cells were inhibited by
miR-92a-1-5p mimics and upregulated by miR-92a-1-5p
inhibitors (Fig. 5F). Furthermore, miR-92a-1-5p inhibi-
tors could significantly reverse the decreases in N-cad-
herin, IGF2BP1, and Vimentin expression caused by
circSCP2 knockdown while inhibiting the reduction in
E-cadherin expression (Fig. 5G). These data indicate that
circSCP2 can inhibit miR-92a-1-5p-induced IGF2BP1
downregulation.

circSCP2 interacts with PTBP1 in CRC cells

We used four algorithms (circAtlas, RBPDB, StarBase, and
catRAPID) to predict candidate circSCP2-associated RBPs
because circRNA can bind to specific RBPs to exert their
functions. PTBP1 and IGF2BP1 were identified as putative
sponging RBPs for circSCP2 (Fig. 6A). The direct interac-
tion between circSCP2 and predicted RBPs was verified
through protein pulldown assays using biotin-labeled NC
or circSCP2 sense probes, followed by silver staining and
western blotting (Fig. 6B-C). PTBP1 was observed to inter-
act with circSCP2, while HuR exhibited minimal bind-
ing (Fig. 6C). Additionally, PTBP1 was identified in the
circSCP2 pulldown using liquid chromatography-mass
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validating the binding of circSCP2 and miR-92a-1-5p. Luciferase reporter assay showing the luciferase activity of the circSCP2 luciferase reporter plasmid
(WT or MUT) following transfection with miR-NC or miR-92a-1-5p or miR-26b-3p mimic into HEK-293T cells. (C) Ago2-RIP assay was applied to detect
the enrichment of circSCP2 in RKO cells transfected with miR-92a-1-5p mimics. (D)Expression of miR-92a-1-5p in CRC tissues and normal tissues in TCGA
database was obtained from Targetscan. (E) Existence of positive linear correlation between miR-92a-1-5p expression and circSCP2 in CRC tissues. (F) RNA
FISH detection of circSCP2 and miR-92a-1-5p co-expression in the cytoplasm of RKO cells. Scale bar, 50 pm. (G) Wound healing analysis and (H) Transwell
assays detected the survival effect on the invasion and migration ability of circSCP2-knockdown CRC cells after transfection of miR-92a-1-5p inhibitors.

The results were presented as the means =+ SD. Data were compared using one-way ANOVA with Dunnett’s multiple comparisons test

spectrometry (LC-MS/MS) (Table S2). qRT-PCR analy-
sis further demonstrated that circSCP2 was signifi-
cantly enriched in PTBP1 RIP compared with the IgG
RIP, indicating the interaction between PTBP1 and circ-
SCP2 (Fig. 6D). To identify PTBP1 protein expression,
we constructed CRC cells with circSCP2 overexpression
or knockdown. While PTBP1 mRNA levels remained
unchanged with circSCP2 overexpression or knockdown
(Fig. 6E), PTBP1 protein levels were positively correlated
with circSCP2 expression (Fig. 6F). These findings indi-
cate that circSCP2 may stabilize PTBP1 protein post-tran-
scriptionally. To test this hypothesis, circSCP2-knockdown
RKO cells and circSCP2 OE (circSCP2-overexpressing)
SW480 cells were treated with CHX (cycloheximide) to
inhibit protein synthesis for the indicated periods. The
results demonstrated that overexpression of circSCP2
significantly reduced the PTBP1 degradation rate. When
compared with lysosome inhibitor chloroquine cotreat-
ment, cotreatment with the proteasome inhibitor MG132
significantly reversed PTBP1 degradation, suggesting that

circSCP2 likely prevented PTBP1 degradation through the
ubiquitination/proteasome system (Fig. 6G). To further
test this hypothesis, we measured PTBP1 ubiquitination
in circSCP2 OE SW480 cells and circSCP2 knockdown
RKO cells. As displayed in Fig. 6H, PTBP1 ubiquitination
decreased relatively after circSCP2 OE compared with the
NC groups, while increased ubiquitination was observed
in PTBP1 immunoprecipitation from circSCP2 knock-
down groups (Fig. 6H). Overall, circSCP2 interacted with
PTBP1 and promoted PTBP1 protein stability by inhibit-
ing ubiquitination/proteasome-dependent degradation.

circSCP2 acts as scaffold to stabilize IGF2BP1 mRNA via
interaction with PTBP1

PTBP1, recognized as an RNA-binding protein with
oncogenic properties, directly binds to RNAs, mediat-
ing their stability and translation. Given that circSCP2
could bind to PTBP1, we speculated that circSCP2 might
modulate mRNA stability by interacting with PTBP1
in CRC. To identify downstream targets of PTBP1, we
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PTBP1 expression significantly prolonged the half-life of

analyzed previously published CLIP-sequencing data on
PTBP-interacted proteins from POSTAR and Starbase.
Seven proteins were identified at the intersection of these
sequencing and the RNA-seq mentioned above (Fig. 7A).
Among these seven proteins, we investigated whether
circSCP2 interacted with IGF2BP1 and subsequently sta-
bilized its mRNA. According to our hypothesis, ectopic

IGF2BP1 mRNA, while circSCP2 inhibition decreased
IGF2BP1 mRNA stability (Fig. 7B). IF assays were per-
formed to assess the PTBP1 and IGF2BP1 subcellular
localization and expression in circSCP2 OE SW480 cells
(Fig. 7C), which indicated the colocalization of PTBP1
and IGF2BP1. Transwell assays indicated that cicSCP2
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ANOVA with Dunnett’s multiple comparisons test

overexpression significantly enhanced CRC cell migra-
tion and invasion abilities, while suppression of PTBP1
expression inhibited circSCP2-induced tumor-promoting
functions (Fig. 7D). CCK8 revealed that knockdown of
PTBP1 inhibited circSCP2-induced upregulation of CRC
cell proliferation (Fig. 7E). Wound healing assays revealed
that reducing PTBP1 expression significantly suppressed
circSCP2-induced upregulation of CRC cell migration
(Fig. 7F). Plate colony formation assay results similarly
demonstrated that PTBP1 depletion on the circSCP2 OE
SW480 cells decreased cell proliferation (Fig. 7G). Results
of western blot also indicated that PTBP1-knockdown on
circSCP2 OE SW480 cells significantly suppressed EMT-
related proteins (E-cadherin, N-cadherin and Vimentin)
as well as IGF2BP1 expressions (Fig. 7H).

Exosomal circSCP2 could modulate tumor-stroma
microenvironment

Exosomes are well-known for their pivotal roles in cell-
cell communication [4, 8]. Given the significant circSCP2
expression within tumor stroma and the vital impacts
of circSCP2 on EMT progress, we investigated whether
tumor-secreted exosomal cirSCP2 could be transmit-
ted into surrounding normal fibroblasts, subsequently
inducing CAF activation. LX2 cells, a CAF precursor
cell, were treated with condition medium (CM) or exo-
somes derived from circSCP2-overexpressing SW480
cells. Compared with untreated, treatment with either
CM or exosomes significantly enhanced collagen con-
striction and proliferation abilities (Figures S3A-B).
qRT-PCR results indicated that treatment with CM or
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exosomes from circSCP2 OE SW480 cells increased
circSCP2 expression in LX2, verifying that exosomal
circSCP2 could be uptaken by LX2, leading to their
activation (Figure S3C). To further demonstrate the cell
morphology and activation state, phalloidin and ACTA2
were stained using the IF assays. Consistent with previ-
ous findings, normal fibroblasts treated with exosomes
from circSCP2 OE SW480 cells exhibited elongated and
activated morphology similar to CAFs. Similarly, LX2
treated with exosomes from sh-circ#1 RKO cells reverted
to a resting state (Figure S3D). These results reveal that
exosomal circSCP2 may also participate in tumor-stroma
communications, orchestrating tumor progression. It is
well-known that immune system played an important
biological role in tumor progression [13]. The immuno-
suppressive tumor microenvironment, in which tumor-
associated macrophages (TAMs) play important roles in
the metastasis and drug resistance of cancer [14]. TAMs
primarily consist of pro-inflammatory M1 and anti-
inflammatory M2 macrophages, and multiple reports
have discovered that M2 macrophages could promote
tumor progression [13—-15]. Therefore, we also explored
whether exosomes containing circSCP2 could promote
polarization fate of M2 macrophages. To further exam-
ine whether exosomal circSCP2 is valuable for M2 mac-
rophage polarization and recruitment, we performed
coculture of THP1 cells with NC or circSCP2 OE exo-
somes after induction of MO THP1 cells with PMA
(Phorbol 12-myristate 13-acetate) for 24 h. Co-culture
with exosomes extracted from SW480 circSCP2 OE cells
upregulated M2 macrophages markers, CD206 and IL-10
mRNA levels (Figure S3E) and upregulated proportions
of CD11b*CD206* M2 macrophages (Figure S3F). Other
hand, SW480 circSCP2 OE cells showed reduced sensi-
tivity to chemotherapy Oxaliplatin, which further indi-
cates the notion that targeting circSCP2 may be a new
tumor therapeutic target (Figure S3G).

Discussion
CRC has the third highest morbidity among tumors, with
metastasis being the main cause of death [16]. circRNAs
are recognized as critical mediators in tumorigenesis of
various cancers, including CRC [4, 6]. Numerous studies
have explored circRNA functions in CRC development
and their potential as diagnostic and prognostic bio-
markers [4, 6]. Our study discovered that circSCP2 was
significantly upregulated in CRC tissues and serum exo-
somes. Additionally, serum exosomal circSCP2 expres-
sion increased with CRC progression. Further analysis
revealed that high circSCP2 expression was associated
with poor prognosis in patients with CRC and could pro-
mote CRC cell progressive and invasive behaviors.
Dysregulated circRNAs are well known to coordinate
cancer progression; however, the underlying mechanisms
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remain unclear. Extensive studies have revealed that cir-
cRNAs sponge or sequester miRNAs, thereby reliev-
ing miRNA-mediated suppression of target mRNAs [6,
17]. Ma et al. demonstrated that circPTPN22 modulates
autophagy and other biological functions in gastric can-
cer via the miR-6788-5p/PAK1 axis [18]. Similarly, cir-
cPDIA3 served as a miR-449a sponge to regulate XBP1
expression, which inhibits palmitoylation of the GSDME-
C domain, inducing chemoresistance in CRC [19]. In our
study, both in vitro and in vivo experiments indicated
that circSCP2 knockdown in CRC cells suppressed EMT
and metastasis. Notably, circSCP2 indirectly regulated
IGF2BP1 expression by sponging miR-92a-1-5p, a mem-
ber of the miR-17-92 cluster, which is among the most
characterized oncogenic miRNAs [20, 21]. However,
miR-92a-1-5p expression in CRC tissues was lower than
that in normal tissues in the TCGA database. Hou and
colleagues discovered that NGF overexpression in osteo-
sarcoma promoted MMP-2-dependent cell migration by
inhibiting miR-92a-1-5p effects via the MEK/ERK signal-
ing cascade [22]. Similarly, Yu et al. reported downregu-
lated miR-92a-1-5p expression in circulating exosomes
from patient serum [23], a finding also observed in exo-
somes from patients with prostate cancer [24]. Conse-
quently, the related mechanism of miR-92a-1-5p requires
further investigation.

Accumulating studies reveal that circRNAs partici-
pated in post-transcriptional regulation by recruiting
RBPs to exert significant biological effects [11, 12, 17].
In our research, cytoplasmic circSCP2 interacted with
PTBPI1, enhancing its protein expression by inhibit-
ing ubiquitination-induced degradation. PTBP1, an
RNA-binding protein known for its function in regulat-
ing mRNA stability, further increased IGF2BP1 mRNA
stabilization. IGF2BP1, an N6-methyladenine (m6A)
binding protein, modulates over 3,000 mRNA transcrip-
tion targets, including the PTEN, ACTB, MAPK, cMyc,
and CD44, thereby regulating cell proliferation, tumor
growth, invasion, and chemotherapy resistance [25, 26].
Exon back-splicing produces several circRNAs, which
are frequently located in the cytoplasm [27]. Consistent
with this, circSCP2 derived from exon 1 of SCP2 was
mainly distributed in the cytoplasm and was signifi-
cantly expressed in CRC tissues. Additionally, recently
published research reported that IGF2BP1 acted as an
adaptor protein to assist the nuclear export of circRNAs
[28]. We also observed elevated exosomal circSCP2 lev-
els in serum from patients with CRC. Accordingly, we
speculated that IGF2BP1 might further help modu-
late the circSCP2 export pathway, thereby boosting
tumor-promoting function and exosomal secretion of
circSCP2. Furthermore, we explored the intracellular
communication between tumor cells and CAF precur-
sor cell LX2 via secreted exosomal circSCP2. Exosomal
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circSCP2-induced activation of LX2 and normal fibro-
blasts can accelerate tumor growth, invasion, and metas-
tasis [29-31]. The effects and underlying mechanisms of
circRNA-loaded exosomes on tumor microenvironments
have gained much attention [29, 31-34]. Moreover, our
results revealed that exosomes containing circSCP2 pro-
moted M2 macrophage polarization, and transcriptomics
(Fig. 8: Visual Figure). And tumors with high expression
of circSCP2 exhibit reduced sensitivity to chemotherapy,
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Oxaliplatin. Taken together, this study demonstrated
for the first time that high expression of plasma exo-
somal circSCP2 was associated with advanced stages in
CRC patients. Tumor-derived circSCP2 firstly enhanced
the proliferation, invasion and metastasis of tumor
cells via sponging miR-92a-1-5p and interacting with
PTBP1 to stabilize IGF2BP1 expression. Futhermore,
tumor-secreted circSCP2-containing exosomes modu-
late tumor-stroma interactions including activation of
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tumor cells
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_—

macrophages

M2 Tumor-associated macrophages

Fig. 8 Schematic representation of the role of exosomal circSCP2 in CRC progression and metastasis. The schematic shows the effect of circSCP2 on
CRC cells through sponging miR-92a-1-5p and also suppressing PTBP1 degradation, and subsequently promote EMT, tumor migration and invasion via
upregulation of downstream IGF2BP1 mRNA and protein expression. Moreover, exosomal circSCP2 released by CRC tumors could either transform normal
fibroblasts into activated carcinoma-associated fibroblasts, or transform macrophages into M2 tumor-associated macrophages, which further form posi-
tive feedback loops to accelerate tumor progression, invasion, migration and immunosuppression
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tumor-promoting CAFs and immuno-suppressice TAMs.
Our results may offer novel concepts and paradigms to
suggest more attractive therapeutic approaches against
circular RNAs in cancer. Further analysis is needed to
provide a comprehensive profile of cancer communica-
tions and anti-cancer immunity.
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