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A B S T R A C T

Circular RNAs play crucial roles in tumor progression and drug resistance. We previously reported that circ
SETD3 is downregulated in colorectal cancer (CRC) and correlates with tumor size and metastasis; however, the 
precise biological functions and underlying the mechanisms of action of circSETD3 in CRC remain unclear. 
Therefore, in the present study, we aimed to investigate the role of circSETD3 in CRC growth, metastasis, and 
cetuximab resistance using in vitro and in vivo functional assays. Our results demonstrated that circSETD3 acts as 
a tumor suppressor in CRC progression and cetuximab resistance. Mechanistically, RNA-seq, FISH, dual- 
luciferase reporter assays, and ChIP assays revealed that reduced circSETD3 expression in CRC activated 
ErbB3 and its downstream Akt pathway. Notably, we found that the Akt pathway upregulated ErbB3 tran
scription via HIF1A, indicating the presence of a novel positive feedback loop between ErbB3 and Akt pathway 
which reinforces CRC progression and drives cetuximab resistance. Furthermore, circSETD3 deficiency in CRC 
triggered a feedback loop through the miR-4667-5p–RASA4 axis which was effectively suppressed by exosomal 
circSETD3 supplementation. Thus, our findings highlight circSETD3 to be a promising therapeutic target for 
inhibiting CRC progression and overcoming cetuximab resistance.

1. Introduction

Colorectal cancer (CRC) is one of the most common cancers world
wide and ranks third in morbidity and second in mortality according to 
the latest cancer statistical analysis [1]. Metastasis and drug resistance 
are core factors that cause CRC-related deaths. Although anti-epidermal 
growth factor receptor (anti-EGFR) monoclonal antibodies such as 
cetuximab and panitumumab prolong the survival of patients with 
metastatic CRC [2], drug resistance limits their efficacy and restricts 
their clinical applications [3,4]. Therefore, an urgent need persists to 
explore the mechanisms underlying the malignant progression of CRC, 
particularly metastasis and anti-EGFR resistance.

EGFR belongs to the erb-b2 receptor tyrosine kinase (ErbB) family, 

which contains four members, including ErbB1(EGFR), ErbB2, ErbB3, 
ErbB4. They combine to form homodimers or heterodimers to activate 
the downstream Ras and Akt pathways. Cetuximab competitively binds 
to the extracellular domain of EGFR to prevent the binding of EGFR to its 
ligand, thereby reducing the transduction of the EGFR pathway and 
inhibiting cancer cell proliferation, migration, and angiogenesis. As the 
main downstream effectors of the ErbB family, Ras and Akt are crucial 
factors determining the efficacy of cetuximab. Studies have demon
strated that the upregulation of other ErbB family members, particularly 
ErbB2 or ErbB3, contributes to cetuximab resistance by activating the 
Ras and Akt signaling pathways [5–9]. However, the mechanisms un
derlying ErbB2 or ErbB3 upregulation in cancer remain unclear.

Circular RNA (circRNAs) are novel transcripts present in almost all 
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eukaryocytes, which form a closed-loop structure through back splicing 
and therefore possesses stability. Recently, an increasing number of 
studies have shown that circular RNA participates in CRC progression 
[10,11] and anti-EGFR resistance [12]. For instance, circHIF1A pro
motes cetuximab resistance in CRC by regulating glycometabolism [13], 
while circIFNGR2 promotes CRC cell proliferation and migration, and 
induces cetuximab resistance by upregulating KRAS expression [14]. 
These findings indicate that circRNAs are potential regulators of the 
efficacy of anti-EGFR therapy in CRC.

circSETD3 (hsa_circ_0000567) is generated by back-splicing exons 
2–6 of SET domain-containing 3 (SETD3). We were the first to report the 
significant downregulation of circSETD3 in CRC tissues [15]. Subse
quent studies have revealed dysregulated circSETD3 expression across 
multiple cancer types [16–19], suggesting its potential as a pan-cancer 
regulator. However, the precise biological functions and molecular 
mechanisms underlying the role of circSETD3 in cancer progression 
remain largely unknown. Therefore, in the present study, we aimed to 
investigate the role and mechanisms of circSETD3 in CRC growth, 
metastasis, and cetuximab resistance using in vitro and in vivo func
tional assays. Our findings will provide novel insights into the molecular 
mechanisms underlying CRC development and cetuximab resistance.

2. Materials and methods

2.1. Cell lines

Human CRC cell lines RKO and HCT116 were obtained from ATCC 
(Manassas, VA, USA). The culture medium for RKO is MEM 
(KGL1602–500, KeyGEN, Nanjing, China) and for HCT116 is McCoy's 5 
A (KGL1702–500, KeyGEN, Nanjing, China). The medium was supple
mented with fetal bovine serum to a final concentration of 10 %. Cells 
were cultured in a cell incubator with 5 % CO2.

2.2. CRC samples

Colon cancer tissues cDNA microarray (HColA095Su02) was pur
chased from Shanghai Outdo Company (Shanghai, China). The micro
array includes 80 cases of colon cancer with clinical information and 
survival data, which were recorded and archived in the National Engi
neering Center for Biochip. The use of cDNA microarray for research 
purposes was approved by the Ethics Committee of Shanghai Outdo 
Biotech Company. Other 32 cases of CRC fresh tissues used in the 
research were obtained from the Jiangsu Provincial People's Hospital 
Suqian Hospital (Suqian, China). Cancer tissues were taken from the 
resected CRC samples and avoided necrosis. The adjacent noncancerous 
tissues were taken from the site 5 cm away from the cancers. These 
tissues were stored at − 80 ◦C until RNA extraction. The paraffin samples 
were obtained from the pathology department of the Jiangsu Provincial 
People's Hospital Suqian Hospital. The use of clinical materials for 
research purposes was approved by the Ethics Committee of Jiangsu 
Provincial People's Hospital Suqian Hospital (Suqian, China). All pa
tients signed consent forms.

2.3. RNA extraction, reverse transcription, and real time quantitative poly 
chain reaction (RT-qPCR)

These assays were carried out according to our previous reports 
[10,11]. The reagents used in these experiments are as follows. Total 
RNA was isolated using RNAiso Plus reagent (#9109, Takara, Japan). 
Reverse transcription was performed using PrimeScript™ RT reagent Kit 
with gDNA Eraser (RR047A, Takara, Japan). RT-qPCR was conducted 
using SybrGreen qPCR Mastermix (DBI2043, DBI Bioscience, Germany) 
in ABI 7500 Fast Real-Time PCR System or LightCycler-480. The CT 
values of detected genes were obtained and △CT values were calculated 
by subtracting the CT values of the internal references GAPDH or 
β-actin. The relative expression of target genes was shown as 2-△CT. The 

primers used in the research were listed in Supplementary Table S1.

2.4. siRNA, lentivirus, vector construction, miRNA mimics, and Akt 
inhibitor

GenePharma (Suzhou, China) or RiboBio (Guangzhou, China) 
designed and synthesized siRNAs used in the study and the sequences 
were list in the Supplementary Table S2. The siRNA1 sequence of circ
SETD3 was used to generate lentivirus vectors targeting circSETD3 (sh- 
circSETD3) by Genechem (Shanghai, China). circSETD3 overexpression 
vector was generated using pCD5-ciR plasmid (Geneseed Biotech, 
Guangzhou, China). Ruibiotech (Guangzhou, China) and GENEWIZ 
(Suzhou, China) constructed all vectors used in the research. All miRNA 
mimics used in the research were purchased from GenePharma (Suzhou, 
China). Akt inhibitor (Artemisinin) was purchased from MCE (HY- 
B0094, State of New Jersey, USA).

2.5. CCK8, colony formation, EdU, transwell migration, wound healing 
assays

These experiments were performed as our previous study [10,11]. 
The reagents used in these assays are as follows: Cell Counting Kit-8 
(C6005, NCM biotech, Suzhou, China). EdU Cell Proliferation Kit with 
Alexa Fluor 555 was purchased from Epizyme (CX003, Shanghai, 
China).

2.6. RNA-sequence

RNA-seq and bioinformatics analysis were carried out by The Beijing 
Genomics Institute (BGI, China). The RNA-seq raw data have been 
deposited in the NCBI Sequence Read Archive (SRA) database (http 
s://www.ncbi.nlm.nih.gov/sra/ PRJNA1181276).

2.7. Nude mice xenograft subcutaneous and metastatic tumor model

Four-week-old female BALB/c nude mice were purchased from 
Guangdong Medical Experimental Animal Center (Guangzhou, China) 
and all animal experimental protocols were approved by the Animal 
Care and Use Committee of Wannan Medical College. For establish 
subcutaneous tumor models, about 5 × 106 HCT116 or RKO cells with 
stable downregulated expression of circSETD3 or control cells were 
injected subcutaneously into the armpit of mice. Tumor volumes were 
calculated using the formula (length × width2)/2. For cetuximab 
treatment experiment, cetuximab (Merck, Germany) was injected 
intraperitoneally, 20 mg/kg body weight, 2 times a week, for 3 weeks. 
The tumor volume was calculated with the abovementioned formula. 
For constructing liver metastasis model, the subcutaneous tumor was cut 
into 1 mm3 pieces and transplanted into the serous of the caecum. Eight 
weeks later, the mice were euthanized and the cecal xenograft tumors 
and livers were resected in order to measure the number of metastases in 
the liver.

2.8. Chromatin immunoprecipitation (ChIP)

ChIP was performed using the SimpleChIP® Enzymatic Chromatin IP 
Kit (#9003, Cell Signaling Technology, USA) according to the instruc
tion. In short, CRC cells were fixed to make DNA and proteins cross
linked, and lysed after washed and harvested. The lysis was 
centrifugated to get nuclei pellet. Then, chromatin pellet was digested 
followed by incubating with HIF1A antibody (1:200 dilution, YT2133, 
Immunoway, USA) or anti-IgG antibodies at 4 ◦C overnight. Magnetic 
beads were used to capture the DNA-protein complexes. After washing 
and elution, the chromatin was subjected to PCR and RT-qPCR detection 
with the specific primers for magnifying 117 bp fragment of ErbB3 
promoter (forward, 5′- GGTTTCGAGTCTGGGAGA − 3′; reverse, 5′- 
GGTTCACTTGGTGGATTTT − 3′).
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2.9. Fluorescence in situ hybridization (FISH)

FISH was carried out using the Fluorescent in Situ Hybridization Kit 
(F11101, GenePharma, China) according to the instruction. Briefly, CRC 
cells in culture plates were fixed, washed, and permeabilized. Then, CRC 
cells were incubated with Cy3-labeled single stranded DNA oligo probes 
against circSETD3 (RiboBio, Guangzhou, China) and FAM-labeled miR- 
4667-5p probes (GenePharma, China) at 37 ◦C overnight for hybridi
zation reaction. Cells were observed using the laser scanning confocal 
microscope after DAPI staining nuclei.

2.10. Dual- luciferase reporter assay

The dual-luciferase reporter assay was performed by using the Dual 
Luciferase Reporter Assay System (E1910, Promega, WI, USA) and the 
Dual Luciferase Reporter Gene Assay Kit (RG027, Beyotime, Shanghai, 
China). CRC cells were co-transfected with circSETD3, RASA4 3’UTR 
wild or mutant luciferase reporter vectors and miRNA mimics. After 48 
h, cells were lysed and subsequently subjected to detection of luciferase 
activity and Renilla luciferase activity according to the instruction and 
our previous study [11].

2.11. Western blot

The isolation of total protein and western blot were conducted as our 
previous research [10,11]. The primary antibodies: anti-ErbB3 (1:1000, 
YT1608, Immunoway, USA), anti-EGFR (1:1000, R22778, Zenbio, 
Chengdu, China), anti-Akt (1:1000, R23412, Zenbio, China), anti-p-Akt 
(Ser473) (1:1000, 66,444–1-lg, Proteintech, USA), anti-RASA4 (1:1000, 
YN1153, Immunoway, USA), anti-cleaved-caspase3 (1:500, YM3431, 
Immunoway, USA), anti-cleaved-PARP (1:1000, AB32064, Abcam, UK), 
anti-β-tubulin (1:2000, 10,094–1-AP, Proteintech, USA), anti-CD9 
(1:1000, ab92726, Abcam, UK), anti-CD63 (1:2000, ab217345, 
Abcam, UK), anti-TSG101 (1:1000, ab125011, Abcam, UK), and anti- 
Calnexin (1:1000, #2433, Cell Signaling, USA). The second antibodies 
were HRP-conjugated goat anti-mouse IgG (1:5000, SA00001–1, Pro
teintech, USA) and goat anti-rabbit IgG (1:5000, SA00001–2, Pro
teintech, USA).

2.12. Immunohistochemistry (IHC)

IHC staining and H-Score calculation of the images for quantitative 
analysis were performed according to our previous study [10]. The 
primary antibodies for IHC staining were anti-RASA4 (1:100, 822,975, 
Zenbio, China), anti-p-Akt (Ser473) (1:100, YP0006, Immunoway, 
USA), and anti-ErbB3 (1:100, 10,369–1-AP, Proteintech, USA).

2.13. Exosome extraction

HCT116 cells were transfected with the circSETD3 overexpression 
vector for 24 h, then washed and changed for fresh serum-free culture 
medium. After 24 h, exosomes were isolated from culture medium using 
Ribo™ Exosome Isolation Reagent (for cell culture media) (C10130, 
RiboBio, China) according to the instruction. Then, exosome micro
graphs and nanoparticle tracking analysis for characterizing the exo
somes were performed using a transmission electron microscope (Leica 
Microsystems, Wetzlar, Germany) and NanoSight NS300 (Malvern 
Panalytical, Malvern, UK) in Huayin (Guangzhou, China).

2.14. Statistical analyses

Statistical analysis was conducted by using GraphPad Prism 9.0 
(GraphPad Software, La Jolla, CA, USA) and SPSS23.0 software (IBM, 
USA). The evaluation of the difference between two groups was per
formed by using a two-tailed Student's t-test. The paired t-test was used 
to detect the difference of circSETD3 expression in CRC samples and 

adjacent noncancerous samples. The comparison of overall survival time 
between high and low circSETD3 expression groups was analyzed with 
Kaplan-Meier method and Log rank test. The correlation between circ
SETD3 expression and clinicopathological parameters were evaluated 
using Chi square χ2 test. The evaluation of prognostic value of circ
SETD3 was performed using the univariate and multivariate Cox pro
portional hazards model. A p < 0.05 was considered statistically 
significant, and N indicates not significant.

3. Results

3.1. Downregulation of circSETD3 correlates with poor prognosis in 
colorectal cancer patients

We previously revealed that circSETD3 is downregulated in CRC 
tissues, and that lower expression of circSETD3 is positively correlated 
with tumor size, metastasis, and TNM stage [15]. However, the rela
tionship between circSETD3 expression and the prognosis of patients 
with CRC remains unknown. In the current study, we further uncovered 
the prognostic value of circSETD3 using a cDNA microarray containing 
80 colon cancer tissue samples. Consistent with our previous study [15], 
circSETD3 expression was lower in cancer tissues than that in the normal 
tissues in the 14 paired of cancer tissues and normal tissues in the cDNA 
microarray (Fig. 1A). We divided the 80 colon cancer tissue samples into 
a high circSETD3 expression group (n = 40) and a low circSETD3 
expression group (n = 40) according to the median circSETD3 expres
sion to further confirm the relationship between circSETD3 expression 
and the clinicopathological parameters of the patients. Statistical anal
ysis revealed that high circSETD3 expression was negatively correlated 
with lymphatic metastasis and TNM stage, however, no significant 
relationship was observed with age, sex, cancer differentiation, or 
serosal invasion (Fig. 1B and Table S3).

Kaplan–Meier survival analysis and univariate and multivariate Cox 
proportional hazards models were used to evaluate the prognostic value 
of circSETD3. Kaplan–Meier survival analysis indicated that patients 
with higher circSETD3 expression had a higher overall survival (OS) rate 
than those with lower circSETD3 expression (Fig. 1C). Furthermore, a 
univariate Cox proportional hazards model revealed that low circSETD3 
expression increased the risk of death (Fig. 1D). Based on the univariate 
Cox regression analysis, age, serosal invasion, cancer differentiation, 
lymphatic metastasis, and circSETD3 expression were selected for 
multivariate Cox regression analysis, which further confirmed that pa
tients with lower circSETD3 expression had a higher risk of mortality 
(Fig. 1E). These results indicated that downregulated circSETD3 
expression was correlated with poor prognosis in patients with colon 
cancer, and that circSETD3 was an independent prognostic factor.

3.2. circSETD3 downregulation drives malignant progression of colorectal 
cancer in vitro and in vivo

As the above findings implied that circSETD3 might be involved in 
CRC growth and metastasis, we performed functional experiments to 
test this hypothesis. First, we downregulated circSETD3 expression in 
CRC cells using siRNA targeting circSETD3 (Fig. 2A). CCK8 showed that 
circSETD3 knockdown boosted the proliferation of CRC cells (Fig. 2B). 
Similarly, results of the colony formation assay indicated that decreased 
circSETD3 expression enhanced the ability of CRC cells to form colonies 
(Fig. 2C). In line with the CCK8 and colony formation assays, EdU 
staining revealed that the EdU-positive cell rate was higher in the 
silenced circSETD3 expression group than that in the control group 
(Fig. 2D). In addition, a Transwell assay was performed to assess the 
effects of circSETD3 on CRC cell migration. Results demonstrated that 
the reduced circSETD3 expression increased the number of migrating 
cells (Fig. 2E). Consistent with the Transwell assay, the wound healing 
assay also showed that reduced circSETD3 expression increased the 
migration distance of CRC cells (Fig. 2F). Together, these results 
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demonstrate that circSETD3 suppresses CRC cell proliferation and 
migration in vitro.

Subcutaneous xenograft models were then constructed to investigate 
the effects of circSETD3 on CRC growth in vivo. Representative images 
and graphs show that tumors with silenced circSETD3 expression were 
larger than those in the control group (Fig. 2G), demonstrating that 
circSETD3 deletion promotes CRC cell growth in vivo. Additionally, the 
influence of circSETD3 on CRC metastasis in vivo was assessed by 
establishing a cecal xenograft model using CRC cells with the knock
down of circSETD3 expression or control cells. Gross staining and he
matoxylin and eosin staining revealed cecal xenografts and metastatic 
lesions in the liver (Fig. 2H). Calculation of the number of metastases in 
the liver demonstrated that knockdown of circSETD3 expression 
increased hepatic metastases (Fig. 2I). Taken together, these results 
indicate that downregulation of circSETD3 expression promotes the 
growth and metastasis of CRC.

3.3. circSETD3 overexpression suppresses proliferation and migration in 
CRC

We also performed gain-of-function assays. First, circSETD3 expres
sion was upregulated in CRC cells using a circSETD3 overexpression 
vector (Fig. 3A). CCK8 analysis revealed that overexpression of circ
SETD3 restrained CRC cell proliferation (Fig. 3B). In addition, the colony 
formation assay showed that increased circSETD3 expression decreased 
the number of colonies formed (Fig. 3C). Consistent with the CCK8 and 
colony formation assays, elevated circSETD3 expression reduced the 
number of EdU-positive cells (Fig. 3D). Furthermore, the Transwell 
assay indicated that increasing circSETD3 expression suppressed the 
motion of CRC cells, resulting in fewer migrating cells across the 
Transwell (Fig. 3E). Moreover, the wound healing assay showed that 
upregulated circSETD3 expression impaired the migratory capacity of 
CRC cells (Fig. 3F). These findings demonstrate that overexpression of 

circSETD3 suppresses CRC cell proliferation and migration.

3.4. Downregulation of circSETD3 activates the ErbB3/Akt pathway

Subsequently, RNA-seq was performed using RKO cells with circ
SETD3 knockdown using two siRNAs targeting circSETD3 to investigate 
the mechanism of circSETD3 in CRC progression. Compared to the 
control cells, 489 and 1017 differentially expressed genes were identi
fied in the two siRNA-circSETD3 groups (Fig. 4A). Among them, 229 
genes overlapped in both siRNA-circSETD3 groups (Fig. 4B). Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis based 
on the 229 genes revealed that circSETD3 was mainly involved in the 
EGFR tyrosine kinase inhibitor resistance, ErbB, Ras, and PI3K/Akt 
pathways (Fig. 4C). RNA-seq revealed that ErbB3 and EGFR were 
upregulated in CRC cells with knockdown of circSETD3 expression 
(Fig. S1). Since ErbB3 and EGFR are upstream of the enriched pathways, 
we examined their expression in CRC cells after circSETD3 knockdown 
or overexpression. The results confirmed that ErbB3 expression was 
negatively regulated by circSETD3, whereas EGFR expression was not 
affected by circSETD3 (Fig. 4D). Western blotting further verified that 
ErbB3 and its downstream target p-Akt were upregulated in RKO and 
HCT116 cells with knockdown of circSETD3 expression, while they were 
reduced with circSETD3 overexpression (Fig. 4E). Consistent with the in 
vitro data, IHC staining demonstrated that circSETD3 knockdown 
increased ErbB3 and p-Akt levels in xenograft tumors (Fig. 4F and G).

Subsequently, we assessed the relationship between circSETD3 and 
ErbB3, p-Akt expression in clinical CRC samples. Briefly, we evaluated 
circSETD3 expression in an cohort of 36 CRC tissue samples and divided 
them into low and high circSETD3 expression group according to the 
median expression of circSETD3 (Fig. S2). Immunohistochemical 
staining revealed that p-Akt and ErbB3 expression levels were higher in 
the low circSETD3 expression group than in the high circSETD3 
expression group (Fig. 4H). These findings indicate that reduced 

Fig. 1. Lower circSETD3 expression indicates poor prognosis. 
A) circSETD3 expression was lower in the cancer tissues (n = 14) than that in the normal tissues (n = 14) in the colon cancer microarray. B) circSETD3 expression was 
negatively correlated with lymphatic metastasis (N1) and TNM stage III–IV. C) Log rank test survival analysis indicated that the patients with low circSETD3 
expression had a lower overall survival (OS) rate than patients with high circSETD3 expression. D) The univariate Cox proportional hazards model revealed that the 
lower circSETD3 expression increased the risk of death. E) The multivariate Cox regression analysis verified that lower circSETD3 expression was an independent 
factor for poor prognosis.

X. Li et al.                                                                                                                                                                                                                                        International Journal of Biological Macromolecules 318 (2025) 145352 

4 



Fig. 2. Lower circSETD3 expression promotes the growth and metastasis of CRC cells in vitro and in vivo. 
A) circSETD3 expression was downregulated by two siRNAs targeting circSETD3. B) CCK8 showed that circSETD3 knockdown enhanced the viability of CRC cells. C) 
Colony formation indicated that the decreased circSETD3 expression in CRC cells increased the number of colonies. D) EdU staining showed that the silenced 
circSETD3 expression reduced the proliferation of CRC cells. Scale bars: 100 μm. E) Transwell assay demonstrated that downregulated circSETD3 expression pro
moted the migratory capacity of CRC cells. Scale bars: 50 μm. F) Would healing assay revealed that circSETD3 knockdown promoted the migration of CRC cells. Scale 
bars: 200 μm. G) The representative images and calculated tumor volumes showed that the tumor with silenced circSETD3 expression were larger than that in the 
control group (n = 6). H) The gross and HE staining images showed the cecal xenograft and hepatic metastatic lesion of nude mice. Scale bars: 50 μm. Blue arrows 
indicate the cecal xenograft tumor and red arrows indicate the hepatic metastatic tumor. I) circSETD3 knockdown increased the number of hepatic metastatic lesion.
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circSETD3 expression in CRC activates the ErbB3/Akt pathway.

3.5. Akt upregulates ErbB3 transcription via HIF1A, forming a positive 
ErbB3/Akt feedback loop

Given that ErbB3 was upregulated upon circSETD3 knockdown and 
functioned upstream of the AKT pathway, we further investigated the 
molecular mechanisms governing its elevated expression. Particularly, 
we investigated whether HIF1A regulates ErbB3 expression in CRC 
because it is a transcriptional activator of ErbB3 in head and neck 
squamous cell carcinomas [20]. Knockdown of HIF1A in CRC cells 
significantly reduced ErbB3 mRNA levels (Fig. 5A), suggesting a po
tential transcriptional regulatory relationship. Bioinformatics analysis 
further identified a putative HIF1A binding site within the ErbB3 pro
moter region (Fig. 5B). Consequently, we performed a ChIP assay, fol
lowed by PCR and RT-qPCR to validate direct binding between HIF1A 
and ErbB3 promoter. The results demonstrated specific enrichment of 
the HIF1A-binding sequence in the anti-HIF1A group, confirming the 
direct interaction of HIF1A with the ErbB3 promoter in CRC (Fig. 5C). 
Notably, the involvement of the HIF1A pathway (KEGG database, 
map04066) indicates that Akt enhances HIF1A translation via mTOR. 
Therefore, we treated CRC cells with an Akt pathway inhibitor (arte
misinin), which downregulated ErbB3 expression, but did not affect 
EGFR expression (Fig. 5D). These findings demonstrate that while ErbB3 
activates the AKT pathway, AKT reciprocally promotes ErbB3 

transcription through HIF1A, thereby establishing a self-reinforcing 
ErbB3/Akt positive feedback loop in CRC.

3.6. circSETD3 interrupts the ErbB3/Akt feedback loop via the miR- 
4667-5p/RASA4 axis in CRC

The subcellular location of circSETD3 was determined using FISH to 
elucidate the detailed mechanism by which circSETD3 inactivates the 
ErbB3/Akt pathway because the circRNA functions are related to 
different subcellular locations. The results showed that circSETD3 was 
mainly located in the cytoplasm of the CRC cells (Fig. 6A). Given the 
well-characterized role of cytoplasmic circular RNAs as miRNA sponges 
that bind to target miRNAs via sequence-specific base pairing, we used 
three bioinformatics databases to predict candidate miRNAs comple
mentary to circSETD3. Seven miRNAs were identified in all databases 
(Fig. 6B). Furthermore, a circSETD3 luciferase vector was established 
and a dual-luciferase reporter assay was performed to identify the 
miRNAs that bind to circSETD3. The results indicated that the miR- 
4667-5p, miR-4741, miR-1289, and miR-1914-3p mimics reduced 
luciferase activity in CRC cells (Fig. 6C). Moreover, western blotting 
showed that miR-4667-5p, miR-4741, and miR-1914-3p mimics acti
vated the ErbB3/Akt pathway, among which miR-4667-5p mimic had 
the greatest ability to upregulate ErbB3 and p-Akt levels in RKO and 
HCT116 cells. Thus, miR-4667-5p was the most probable target medi
ating the effects of circSETD3 on CRC progression (Fig. 6D). Therefore, 

Fig. 3. Overexpression of circSETD3 inhibits CRC cell proliferation and migration A) RT-qPCR showed that circSETD3 was upregulated in CRC cells by circSETD3 
overexpression vector. B) CCK8 revealed that circSETD3 overexpression restrained CRC cell proliferation. C) Colony formation assay showed that the increased 
circSETD3 expression decreased the number of colonies. D) EdU staining indicated that the elevated circSETD3 expression reduced the proliferation of CRC cells. E) 
The Transwell assay demonstrated that the increased circSETD3 expression suppressed the motion of CRC cells. F) The wound healing assay showed the upregulated 
circSETD3 expression decreased the migration distance of CRC cells.
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Fig. 4. Knockdown of circSETD3 triggers the ErbB3/Akt activation. 
A) The number of differentially expressed genes in CRC cells induced by two siRNAs targeting circSETD3. B) In total, 229 differentially expressed genes overlapped 
between the two siRNA-circSETD3 groups. C) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis based on the above mentioned 229 differential 
expressed genes. D) RT-qPCR results revealed that ErbB3 expression was negatively regulated by circSETD3, whereas EGFR expression was not affected by 
knockdown or overexpression of circSETD3 in CRC cells. E) Western blot detected the expression level of the indicated proteins. F) and G) IHC staining demonstrated 
that the ErbB3 and p-Akt levels were increased in the subcutaneous tumors with stable knockdown of circSETD3 expression, Scale bars: 50 μm. H) IHC staining 
showed that p-Akt and ErbB3 expression was higher in the low circSETD3 expression group (n = 18) than that in the high circSETD3 expression group (n = 18). Scale 
bars:100 μm.
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we constructed a circSETD3 overexpression vector with mutations at the 
miR-4667-5p binding site to further validate that circSETD3 exerts its 
function by sequence-specific binding to miR-4667-5p (Fig. S3). Rescue 
experiments demonstrated that while wild-type circSETD3 over
expression reversed miR-4667-5p-induced upregulation of ErbB3 and p- 
Akt, the mutant vector failed to rescue these effects (Fig. 6E), estab
lishing a sequence-specific requirement for circSETD3-mediated miRNA 
sponging. Furthermore, FISH confirmed the cytoplasmic colocalization 
of circSETD3 and miR-4667-5p in CRC cells (Fig. 6F). Collectively, these 
results demonstrate that circSETD3 negatively regulates the ErbB3/Akt 
pathway via the direct sequence-dependent sequestration of miR-4667- 
5p.

Thereafter, three databases were used to screen the targets of miR- 
4667-5p, which indicated six potential genes as targets of miR-4667- 
5p (Fig. 6G). Among them, only Ras p21 protein activator 4 (RASA4) 
was upregulated in CRC tissues according to the GEPIA database 
(Fig. S4). Therefore, RASA4 was selected for subsequent experiments. 
We constructed a RASA4 3’UTR wild and mutant binding sequence 
luciferase vector (WT1-WT3, MUT1-MUT3) according to the five bind
ing sites of miR-4667-5p in RASA4 3’UTR region (Fig. S5). A subsequent 
dual-luciferase reporter assay revealed that miR-4667-5p mimics could 
downregulate RASA4-WT2 luciferase activity in RKO and HCT116 cells 
(Fig. 6H), demonstrating the binding relationship between miR-4667-5p 
and RASA4 3’UTR. RASA4 inactivates Ras and the downstream Akt 
pathway by hydrolyzing Ras-GTP to Ras-GDP. Thus, we speculated that 
the miR-4667-5p/RASA4 axis is involved in the inhibitory role of circ
SETD3 in the ErbB3/Akt loop. As expected, western blotting showed 
that miR-4667-5p reduced RASA4 protein levels while upregulating 
ErbB3 and p-Akt levels, however, this effect was reversed by circSETD3 
co-transfection. In contrast, circSETD3 with the mutant miR-4667-5p 
binding sequence could not rescue the protein levels of RASA4, ErbB3, 
and p-Akt (Fig. 6I). Furthermore, consistent with the in vitro findings, 

subcutaneous xenograft tumor immunohistostaining revealed that 
RASA4 was downregulated in tumors with circSETD3 knockdown 
(Fig. 6J). Therefore, we performed a rescue assay to confirm the crucial 
function of the miR-4667-5p–RASA4 axis in the regulation of circSETD3 
in CRC progression. EdU and Transwell assays demonstrated that miR- 
4667-5p mimics or knockdown of RASA4 restored the inhibitory role 
of circSETD3 in CRC proliferation and migration (Figs. S6 and S7). 
Together, these data indicated that the miR-4667-5p/RASA4 axis is 
involved in the regulatory role of circSETD3 in the ErbB3/Akt feedback 
loop.

3.7. circSETD3 downregulation confers cetuximab resistance in CRC cells

Cetuximab is a targeted drug against EGFR that competitively blocks 
ligands from binding to EGFR, thereby inactivating its downstream Ras 
and Akt pathways to inhibit tumor progression. However, drug resis
tance limits its clinical efficacy. Studies have revealed that the upregu
lation of ErbB2 or ErbB3 is an important reason for cetuximab resistance 
[5–9]. Our findings revealed that reduced circSETD3 expression in CRC 
cells caused continuous ErbB3 upregulation by activating the ErbB3/Akt 
feedback loop via the miR-4667-5p/RASA4 axis. Therefore, we hy
pothesized that downregulation of circSETD3 in CRC may contribute to 
cetuximab resistance.

Consequently, a CCK8 assay was performed to detect the growth 
inhibition rate of CRC cells treated with cetuximab. The results showed 
that circSETD3 knockdown weakened the inhibitory effect of cetuximab 
on CRC cell growth, whereas, circSETD3 overexpression enhanced the 
growth inhibition rate of cetuximab in CRC cells (Fig. 7A). Subse
quently, apoptotic markers were detected by western blotting to eval
uate the effect of circSETD3 on cetuximab-induced apoptosis. As shown 
in Fig. 7B, decreased circSETD3 expression reduced the levels of the 
apoptotic marker cleaved caspase3 and cleaved PARP, whereas 

Fig. 5. Akt pathway upregulates ErbB3 transcription. 
A) RT-qPCR showed that ErbB3 mRNA was downregulated in CRC cells after HIF1A knockdown using siRNAs targeting HIF1A. B) Schematic diagram showed the 
binding site of HIF1A in the promoter region of ErbB3. C) ChIP, PCR and RT-qPCR assays indicated that using anti-HIF1A antibody could pulldown the DNA fragment 
of ErbB3 promoter containing the putative binding site of HIF1A. D) ErbB3 expression was downregulated, while EGFR expression was not affected in RKO and 
HCT116 cells after treatment with artemisinin 24 h.
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increased circSETD3 expression increased their levels (Fig. 7B). 
Consistent with the in vitro findings, the in vivo therapeutic experiments 
also indicated that downregulation of circSETD3 reduced the sensitivity 
of CRC cells to cetuximab treatment (Fig. 7C). Therefore, we performed 
a rescue assay to verify whether the miR4667-5p/RASA4 axis is involved 
in the regulatory role of circSETD3 in CRC cells in response to cetuximab 
treatment. The CCK8 assay showed that miR-4667-5p mimics and siRNA 
targeting RASA4 restored the sensitivity-enhancing role of circSETD3 in 
CRC cells treated with cetuximab (Fig. 7D). Overall, these results indi
cate that circSETD3 enhances the sensitivity of CRC cells to cetuximab.

3.8. Exosomal circSETD3 uptake by CRC cells suppresses the ErbB3/Akt 
feedback loop

Recent studies using engineered extracellular vesicles carrying 
miRNAs for pancreatic cancer treatment have established promising 
platforms for noncoding RNA-based targeted therapies [21]. Therefore, 
we conducted preliminary experiments to explore the therapeutic po
tential of circSETD3 in CRC progression and cetuximab resistance.

Bioinformatics analysis using exoRBase (http://www.exorbase.org/) 
revealed detectable levels of circSETD3 in plasma exosomes from 
healthy individuals and patients with CRC, suggesting active cellular 

Fig. 6. miR-4667-5p/RASA4 axis is involved in the regulatory role of circSETD3 in the ErbB3/Akt feedback loop. 
A) The subcellular location of circSETD3 in CRC cells was detected using FISH assay. Scale bars: 50 μm. B) The seven miRNAs that circSETD3 binds to were predicted 
using the indicated three databases. C) Dual-luciferase assays showed that miR-4667-5p, miR-4741, miR-1289, and miR-1914-3p mimics could reduce the luciferase 
activity in CRC cells after transfection with circSETD3 luciferase vectors. D) The expression of ErbB3, Akt and p-Akt in CRC cells was determined by western blotting 
after treatment with the indicated four miRNA mimics. E) Western blotting detected ErbB3, Akt and p-Akt levels in CRC cells after transfected miR-4667-5p mimics 
with or without circSETD3 overexpression vector (circSETD3-WT) or circSETD3 vector with mutant binding site of miR-4667-5p (circSETD3-MUT). F) FISH indicated 
the co-localization of circSETD3 and miR-4667-5p in the cytoplasm of CRC cells. Scale bars: 50 μm. G) The six indicated target genes of miR-4667-5p were predicted 
using the three databases. H) Dual-luciferase assays showed that the relative luciferase activity of CRC cells after transfection with miR-4667-5p and RASA4 3’UTR 
luciferase WT or MUT vectors. I) RASA4, p-Akt and ErbB3 expression was detected in CRC cells after transfection with miR-4667-5p with or without the above 
mentioned circSETD3 overexpression vector or vector with mutant binding site of miR-4667-5p. J) The expression of RASA4 in nude mice subcutaneous tumors with 
stable knockdown of circSETD3 expression was lower than that in the control group.

Fig. 7. circSETD3 enhances the sensitivity of CRC cells to cetuximab. 
A) A CCK8 assay demonstrated that circSETD3 knockdown antagonized the inhibitory effect of cetuximab (500 μg/mL for 48 h) on CRC cell growth, while circSETD3 
overexpression enhanced the cetuximab growth inhibition rate on CRC cells. B) Western blotting was performed to detect the apoptotic markers expression in the 
CRC cells with decreased or increased circSETD3 expression after treatment with cetuximab (500 μg/mL for 48 h). C) The growth of subcutaneous tumors with stable 
knockdown of circSETD3 expression was not affected by cetuximab treatment, whereas tumors growing from control cells were suppressed by cetuximab treatment 
(n = 4). D) Rescue assay showed that miR-4667-5p mimics and siRNA targeting to RASA4 could restore the sensitive-enhancing role of circSETD3 on CRC cells with 
cetuximab treatment.
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secretion of circSETD3. Therefore, we generated circSETD3-enriched 
exosomes from HCT116 cells transfected with a circSETD3 over
expression vector, which were then added to CRC cells to assess their 
effects on the ErbB3/Akt pathway, to investigate functional delivery 
(Fig. 8A). Transmission electron microscopy (TEM) confirmed the 
bilayer membrane structure of the exosomes, and nanoparticle tracking 
analysis (NAT) showed that the size distribution of the exosomes was 
approximately 200 nm (Fig. 8B and C). Additionally, western blotting 
confirmed the presence of the exosome-specific markers CD9, CD63, and 
TSG101 and the absence of the negative marker calnexin in exosomes 
(Fig. 8D). These experiments characterized exosomes isolated from the 
culture medium of HCT116 cells overexpressing circSETD3.

Moreover, RT-qPCR confirmed the significant enrichment of circ
SETD3 in exosomes derived from the culture medium of HCT116 cells 
overexpressing circSETD3 (Fig. 8E). Subsequent treatment of RKO and 
HCT116 cells with circSETD3-enriched exosomes resulted in successful 
intracellular delivery, as evidenced by elevated circSETD3 levels 
(Fig. 8F). Furthermore, western blot analysis demonstrated that exoso
mal circSETD3 treatment upregulated RASA4 expression and down
regulated p-Akt and ErbB3 expression in both cell lines (Fig. 8G). These 
collective findings establish that exogenous exosome-mediated circ
SETD3 delivery effectively disrupts the ErbB3/Akt feedback loop via the 
miR-4667-5p/RASA4 axis.

4. Discussion

We previously reported that circSETD3 is downregulated in CRC 
tissues and is related to tumor size, metastasis, and TNM state [15]. 
Building on these results, in the current study, we demonstrated that 
circSETD3 functions as a tumor suppressor in CRC, effectively inhibiting 
CRC growth and metastasis and enhancing cetuximab sensitivity in vitro 
and in vivo. In addition, we identified a novel positive feedback loop 
between ErbB3 and Akt that drives CRC progression and cetuximab 
resistance. Notably, our results revealed that circSETD3 downregulation 
in CRC leads to reduced RASA4 expression via miR-4667-5p, a critical 
event that triggers the activation of the ErbB3/Akt feedback loop 
(Fig. 9). Thus, our results suggest that restoration of circSETD3 repre
sents a promising strategy for suppressing CRC progression and over
coming cetuximab resistance.

In recent years, dysregulated circSETD3 has been detected in a 
diverse range of cancers and which regulates the progression of malig
nancies; however, its role and mechanism of action in CRC remained 
unclear. In this study, we demonstrated that the downregulation of 
circSETD3 in CRC is essential for malignant progression and is related to 
poor patient prognosis. Our results are consistent with previous studies 
which reported that circSETD3 was downregulated and inhibited cancer 
growth and metastasis in hepatoblastoma [16], cholangiocarcinoma 
[17], bladder cancer [18], and hepatocellular carcinoma [19]. In 
contrast, circSETD3 functioned as an oncogene to promote 

Fig. 8. Exosomal circSETD3 suppresses the ErbB3/Akt feedback loop. 
A) The schematic diagram of the production, isolation, and application of circSETD3-rich exosomes. B) Transmission electron microscopy (TEM) was used to 
elucidate the structure of the exosomes extracted from the culture medium of CRC cells. Scale bars: 200 nm. C) Nanoparticle tracking analysis (NTA) was performed 
to confirm the size of exosomes. D) Western blotting was used to identify the exosome-specific markers CD9, CD63, TSG101, and negative control marker Calnexin in 
the exosomes and cell lysate. E) The relative expression of circSETD3 in CRC cells and exosomes isolated from the culture medium of HCT116 cells after transfected 
with circSETD3 overexpression vector. F) The levels of circSETD3 in RKO and HCT116 cells after treated with exosomes containing high levels of circSETD3. G) 
RASA4, p-Akt and ErbB3 expression in RKO and HCT116 after treated with the previous circSETD3-rich exosomes 24 h.
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nasopharyngeal carcinoma proliferation, migration and cisplatin resis
tance [22,23]. Thus, the dual function of circSETD3 in different cancers 
may be related to different downstream miRNAs and their targets.

In the current study, our results revealed that circSETD3 sponges 
miR-4667-5p to upregulate its target, RASA4, in CRC. RASA4 is a 
member of the Ras GTPase-activating protein family (RAS-GAPs). As a 
natural Ras inhibitor, RASA4 inactivates Ras and the downstream Akt 
pathway by hydrolyzing active Ras-GTP to inactive Ras-GDP [24]. 
However, RASA4 is often expressed at lower levels in cancers because of 
methylation of the promoter region or post-transcriptional regulation, 
which causes the continuous activation of Ras and its downstream Akt 
and MAPK pathways, thus promoting the malignant progression of 
cancers and drug resistance. For instance, RASA4 is downregulated in 
cervical squamous cell carcinoma and promotes cell proliferation by 
activating Ras [25]. Similarly, RASA4 inhibits tumor cell proliferation 
and promotes apoptosis by suppressing the RAS/MAPK pathway in 
triple-negative breast cancer [26]. However, the mechanisms underly
ing the downregulation of RASA4 in tumors remain unclear. In this re
gard, we found that circSETD3 was downregulated in CRC and 
attenuated its sponging effect on miR-4667-5p, thereby releasing miR- 
4667-5p and downregulating RASA4 expression. This may represent a 
key mechanism underlying RASA4 downregulation in CRC.

Previous studies have established that ErbB3 heterodimerizes with 
ErbB2 to initiate Ras activation and subsequent activation of down
stream MAPK/ERK and PI3K/Akt pathways [27–30]. Building on this 
foundation, our current study revealed that Akt-mediated regulation 
enhances ErbB3 transcription via HIF1A, thereby establishing a func
tionally significant positive feedback loop between ErbB3 and Akt 
signaling in CRC. This self-reinforcing ErbB3/Akt feedback loop drives 
tumor progression and confers cetuximab resistance in CRC. Notably, 
our results demonstrated that circSETD3 serves as a critical modulator of 
this feedback loop via the miR-4667-5p/RASA4 axis. Consistent with 
previous reports implicating ErbB2/3 upregulation in cetuximab resis
tance, circSETD3 knockdown significantly diminished cetuximab 
sensitivity in cellular and animal models. Moreover, we demonstrated 
that exosomal circSETD3 delivery effectively suppressed the ErbB3/Akt 
feedback loop by restoring RASA4 expression. Collectively, these find
ings indicate that exogenous circSETD3 supplementation represents a 
promising therapeutic approach for simultaneously inhibiting CRC 

progression and restoring cetuximab sensitivity.
In conclusion, our study revealed a novel positive feedback loop 

between ErbB3 and Akt in CRC, wherein Akt upregulates ErbB3 tran
scription by enhancing HIF1A translation, while ErbB3 reciprocally 
activates the AKT pathway. This feedback loop drives sustained ErbB3 
overexpression and the activation of the Akt pathway, ultimately pro
moting CRC progression and conferring cetuximab resistance. Notably, 
the downregulation of circSETD3 was the pivotal trigger for this feed
back loop, which is mediated by the miR-4667-5p/RASA4 regulatory 
axis. Additionally, our study demonstrated that exogenous circSETD3 
supplementation may serve as a promising therapeutic strategy for CRC, 
as it effectively inhibits CRC progression and restores cetuximab sensi
tivity by suppressing the ErbB3/Akt feedback activation loop. Conse
quently, our findings provide a foundation for future clinical 
applications. However, further studies using animal models or organoids 
derived from CRC tissues are required to elucidate the role of circSETD3 
overexpression in CRC progression and cetuximab resistance, as well as 
the functions and mechanisms of nuclear and cytoplasmic miR-4667-5p 
in CRC progression. Moreover, in the current study, we used a circSETD3 
overexpression vector to produce exosomes that enriched circSETD3, 
and preliminarily found that CRC cells could absorb exosomal circ
SETD3 to suppress the ErbB3/Akt pathway. Therefore, further func
tional experiments in vitro and in vivo should be performed for the 
application of circSETD3 using engineered circular RNA production 
technology.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2025.145352.
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