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Abstract: Background: Sunitinib resistance is a major challenge in advanced renal cell carcinoma (RCC). Clinically,

elucidating the underlying mechanisms and developing practical countermeasures for sunitinib resistance in RCC is

desirable. In previous studies, we found that circAGAP1 expression was significantly upregulated in clear cell RCC

(ccRCC) and was strongly associated with poor prognosis. However, the role of circAGAP1 in sunitinib resistance in

ccRCC remains unclear. Methods: We used public databases for bioinformatics analysis to identify the binding targets

of circAGAP1. Additionally, the effects of circAGAP1 on the proliferation, clonogenesis, apoptosis, and migration of

ccRCC cells were analyzed using quantitative real-time PCR, cell counting kit-8 assays, migration and apoptosis

assays, and colony formation assays. Furthermore, RNA immunoprecipitation, dual-luciferase reporter, and

fluorescence in situ hybridization assays were used to explore the molecular mechanism. Results: In this study,

circAGAP1 exhibited higher expression in sunitinib-sensitive ccRCC cells and inhibited the clonogenesis,

proliferation, and migration of ccRCC cells after sunitinib treatment. Mechanical studies revealed that circAGAP1

regulated the expression of sunitinib target platelet-derived growth factor receptor by acting as a microRNA sponge

that suppresses miR-149-5p, miR-455-5p, and miR-15a-5p simultaneously. Overexpression of these three miRNAs

reversed circAGAP1-mediated sunitinib sensitivity in ccRCC. Conclusions: In summary, our findings indicate that

circAGAP1 may serve as a promising biomarker to predict sunitinib sensibility and a therapeutic target in ccRCC.

Introduction

Renal cell carcinoma (RCC), commonly referred to as kidney
cancer [1], is marked by a distressing escalation in its
incidence rate, a trend that persists every year [2,3]. Clear
cell RCC (ccRCC) is the most prevalent subtype of RCC,
accounting for 75–80% of cases [1–4]. Notably, a substantial
20–30% of patients are diagnosed with advanced-stage RCC,
often precluding the opportunity for timely surgical
intervention or appropriate treatment initiation [5].
Sunitinib, among the primary therapeutic agents employed
in the management of advanced RCC, has demonstrated

commendable efficacy [6–8]. It is a receptor tyrosine kinase
inhibitor that inhibits angiogenesis and RCC progression
mainly by inhibiting the activities of platelet-derived growth
factor receptor (PDGFR), vascular endothelial growth factor
receptor (VEGFR) and receptor tyrosine kinase [9].

However, as the duration of sunitinib treatment
increases, a significant proportion of patients inevitably
develop resistance to the drug, thereby limiting its clinical
utility [10]. Recent studies on sunitinib resistance have
aimed to uncover genetic mutations and signaling pathway
alterations that contribute to drug resistance [11–13].
Concurrently, we also paid attention to the role of circular
RNAs (circRNA) in tumor resistance. Studies have focused
on the role of drug efflux pumps and the effect of the tumor
microenvironment in promoting resistance. Advances
include exploring combination therapies, next-generation
drugs, and nanotechnology for better drug delivery, with the
aim of improving treatment outcomes and tackling
resistance in cancer therapy.
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Notably, circRNAs are widely dispersed throughout the
body and have vital biological activities [14–17], and are
involved in tumor chemoresistance through various
mechanisms of action [16–20], including in kidney cancer.
For instance, CircME1 promotes sunitinib resistance in
ccRCC through the cis-regulation of ME1 [21]. In addition,
circRNAs can act as “sponges” for microRNAs (miRNAs),
reducing their ability to target mRNAs [22–24] and driving
anti-PD-1 resistance [25]. Based on our previous studies,
several novel circRNAs specific to RCC have been
successfully identified and two studies have been published
[26,27]. Therefore, circAGAP1 may serve as a potential target
for ccRCC treatment and predictor of sunitinib sensitivity.
We discovered that circAGAP1 expression was considerably
upregulated in ccRCC and was closely associated with poor
prognosis. Furthermore, circAGAP1 was highly expressed in
sunitinib-sensitive ccRCC cells and influenced their
proliferation and clonogenic abilities. Further research
indicates that circAGAP1 regulates the expression of the
sunitinib target PDGFR by acting as an miRNAs sponge. A
flowchart (Fig. A1) has been added to illustrate the research
methodology. Based on our results, circAGAP1 may serve as
a promising biomarker for predicting sunitinib sensitivity
and therapeutic target for ccRCC.

Materials and Methods

Cell lines and cell culture
We sourced human ccRCC cell lines (786-O, ACHN, A498,
OS-RC-2, and caki-2) and 293T cells from the Shanghai
Academy of Sciences, China. To develop ccRCC cell lines
with resistance (notably 786-O-ST and ACHN-ST), we
gradually increased the concentrations of the drug used.
These cells were cultured in a modified version of
Dulbecco’s Modified Eagle Medium (catalog number:
KGM12800N-500, keygen biotech, Jiangsu, China), provided
by KeyGEN BioTECH, based in Jiangsu, China,
supplemented with serum (catalog number: B7447-1000,
Sigma-Aldrich, USA) and antibiotics (catalog number:
KGY0023, Keygen Biotech, Jiangsu, China). Conditions
within the incubator were carefully controlled, ensuring a
constant temperature of 37°C and an atmosphere containing
5% CO2.

Transfection
Human circAGAP1 (hsa_circ_0058792) plasmid was
synthesized by Ruibo (Guangzhou, China). GenePharma
(Shanghai, China) supplied miR-149-5p, miR-455-5p, and
miR-15a-5p mimic and matched controls (NC).
Lipofectamine 2000 (catalog number: lipo2000:11668019,
Invitrogen, USA) was used to transfect plasmids, small
interfering RNAs (siRNAs), mimics, or inhibitors of miR-
149-5p (mimic sense: uctggcuccgugucuucacuccc; antisense:
gggagugaagacacggagccaga), miR-455-5p (mimic sense:
UAUGUGCCUUUGGACUACAUCG; antisense:
CGAUGUAGUCCAAAGGCACAUA), miR-15a-5p (mimic
sense: UAGCAGCACAUAAUGGUUUGUG; antisense:
CACAAACCAUUAUGUGCUGCUA). The following siRNA
sequences were used: circAGAP1 siRNA (5′

GACGATGCCTTCGTGAACA-3′) and control siRNA (5′-
TTCTCCGAACGTGTCACGT-3′).

Sunitinib resistance induction
Inducing resistance to sunitinib involved continuously
exposing cells to gradually increased doses of sunitinib (free
base, supplied by LC Laboratories in Woburn, MA, USA),
continuing until they could tolerate the maximum dose
achievable. Specifically, 786-O cells underwent treatment with
sunitinib doses that varied from 3 to 7 µM, whereas doses for
ACHN cells ranged from 0.5 to 4 µM. As benchmarks, we
utilized therapy-responsive (original) cell lines of both 786-O
and ACHN. The determination of resistance in both 786-O
and ACHN cell varieties was made when their half-maximal
inhibitory concentrations, after receiving sunitinib for 72 h,
increased by approximately 4 times.

Quantitative real-time PCR (qRT-PCR)
Using the TRIzol reagent (catalog number: 15596026CN,
Thermo Fisher, USA) by Invitrogen in Carlsbad, CA, USA,
we performed total RNA extraction from a variety of kidney
carcinoma cells, including 786-O, ACHN, A498, and ACHN-
ST, 786-O-ST cells. Following the guidelines provided by the
manufacturer, this RNA was then converted back into
complementary DNA (cDNA) with the assistance of the
PrimeScript RT Reagent Kit (catalog number: RR036B,
TaKaRa, Dalian, China) Reagent Kit, which includes a
gDNA Eraser, sourced from TaKaRa in Dalian, China. A
primer’s specificity was verified through the generation of a
melting curve. DNA amplification was performed for 40
cycles with 15 s of denaturation at 95°C, followed by 60
seconds of annealing at 60°C. The data generated from each
PCR reaction were analyzed using the t-test, based on the
2-OOCt calculation method. For normalization purposes,
beta-actin gene expression served as the internal standard,
facilitating the comparison with the average expression levels
(mean ± SD) of circRNA and miRNA.

The following primers were used: circAGAP1-F, 5′-
GTCTTCCAGGACGATGCCTT-3′; circAGAP1-R, 5′-GCT
GGCCAAGTTACCCACAA-3′; hsa-miR-15a-5p-F, 5′-ACTC
CAGGGCTACAACTGGTCGTGGAGTCGGCAATTCAGTT
GAGCACAAACC-3′; hsa-miR-15a-5p-R, 5′-ACACTCCAG
GGCGGCAACTGGTGTCGCAAT-3′; has-miR-149-5p-F,
5′-CCTCTGGCTCCGTGTCTTC-3′; has-miR-149-5p-R,
5′-CAGTGCAGGGTCCGAGGT-3′; has-miR-455-5p-F, 5′-
GGGCTATGTGCCTTTGGAC-3′; has-miR-455-5p-R, 5′-
CAGTGCAGGGTCCGAGGT-3′; PDGFR-F, 5′-GCAGGAG
TTTGAGGTGGTGAGC-3′; and PDGFR-R, 5′-AAAGGG
CAAGGAGTGTGGCAC-3′.

Cell viability assessment utilizing the cell counting kit-8 (CCK-
8) method
Cells were allocated into 96-well microplates (manufactured
by NEST, Jiangsu, China) at a uniform distribution of 1000
cells per well. Following initial seeding, cells subjected to
CircAGAP1 knockdown underwent transfection with either
miRNA inhibitors or a non-coding miRNA control (miR-
NC). In parallel, cells exhibiting circAGAP1 overexpression
received transfection treatments with miRNA mimics or
miR-NC 12 h subsequent to seeding. Thereafter, a volume
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of 10 µL of CCK-8 solution (catalog number: CK04, provided
by Dojindo, Japan) was dispensed into each well, subsequent
to which the cells were incubated under dark conditions for
a period of 2 h. Optical density (OD) measurements at a
wavelength of 450 nm were systematically acquired using a
Bio-Tek Flx800T Fluorescence reader (FLX800T, Biotech,
USA) at daily intervals from day 1 through day 5 post-seeding.

Migration and apoptosis assays
In the current study, we performed migration and apoptosis
assays as previously described [27]. Briefly, for the migration
assay, the cells were seeded in 24-well plates and allowed to
reach 80% confluence before a scratch was formed. Cell
migration to the scratched area was monitored and
quantified after 24 h. Apoptosis was assessed using Annexin
V/PI staining (catalog number: 556547, BD, USA), followed
by flow cytometry. For detailed methods, please refer to our
previous study [27].

Assay for colony formation
Subsequent to transfection procedures, cells underwent
digestion with 0.25% trypsin (sourced from Solarbio, Beijing,
China) and were subsequently re-plated in six-well plates at a
seeding density of 300 cells per well. Following a 14-day
incubation period, cells were fixed using methanol and
stained with both crystal violet and paraformaldehyde for a
duration of 30 min. Finally, the cells were observed under a
microscope (IX73, Olympus, Japan) and the number of
clones formed was counted. A total of three independent
experiments were performed.

RNA immunoprecipitation (RIP) assay
The RIP assay was executed employing the EZ-Magna RIP
RNA Binding Protein Immunoprecipitation Kit (catalog

number: 17-701, Milipore, USA) to ascertain the association
of miR-149-5p, miR-455-5p, and miR-15a-5p with
has_circ_AGAP1. In brief, ACHN cells were lysed using a
specialized RIP buffer (catalog number: SCR-2, gzscbio.com,
Guangzhou, China) immediately after being collected. The
lysates were then incubated overnight at 4°C with magnetic
beads bound to either anti-Ago2 antibodies or IgG.
Following this, RNA that had been immunoprecipitated was
extracted and subjected to purification, in preparation for
analysis via qRT-PCR.

Dual-luciferase reporter assay
The assessment of luciferase reporter activity was conducted
using dual-luciferase reporter vectors acquired from Ruibo
(Guangzhou, China). Preliminary to transfection, 293T cells
were plated in 24-well plates (2.5 × 104) for 12 h. Constructs
of pmirGLO-circAGAP1-wild type (WT) and pmirGLO-
circAGAP1-mutant (Mut), alongside the pRL-TK vector
(Promega, Madison, WI, USA), were co-transfected with
mimics of miR-149-5p, miR-15-5p, and miR-455-5p or a
control mimic (mimic NC) using Lipofectamine 2000
(Invitrogen). After a 48-h transfection period, the culture
medium was removed, and cells were cleansed with PBS.
The dual-luciferase assay kit (Promega) (catalog number:
E1910, USA) was employed to measure luciferase activity in
accordance with the manufacturer’s protocol. All
experimental iterations were conducted in triplicate to
ensure data validity.

Fluorescence in situ hybridization (FISH)
Notably, FITC-labeled hsa-circAGAP1 and cy3-labelled
probes targeting miR-149-5p, miR-455-5p, and miR-15a-5p
were designed. A Fluorescent In Situ Hybridization Kit
(catalog number: C10910, RIBBIO, Guangzhou, China) was

FIGURE 1. The binding sites of circAGAP1 that adsorb sunitinib target-associated miRNAs.
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used for this experiment. Briefly, ACHN cells were prepared
on slides and fixed. Hybridization was performed according
to the manufacturer’s instructions. DAPI-labelled 18S RNA
probes (catalog number: 18S rRNA Cy3 FISH Probe, R0312,
Beyotime, Jiangsu, China) were used to label the nuclei.
Finally, images were acquired using a confocal fluorescence
microscope (LSM 710, ZEISS, Germany).

Bioinformatics analysis
Public databases, such as the circinteractome and cancer-
specific circRNA, were used to predict the miRNA targets of
circAGAP1. Using TargetScan (http://www.targetscan.org/)
and miRDB (http://mirdb.org/), 13 PDGFR-targeted
miRNAs and the binding sites of these miRNAs and
circAGAP1 were predicted.

Statistical analysis
Statistical graphs were generated using GraphPad Prism 10
software (GraphPad Software Inc., Boston, MA, USA). A
two-tailed Student's t-test and one-way ANOVA were used
to analyze the corresponding data with each assay performed
in triplicate (n = 3). A two-tailed p-value of less than 0.05
was considered to indicate a statistically significant difference.

Results

CircAGAP1 functions as a super circRNA that regulates the
sensitivity of sunitinib therapy in ccRCC
By combining the properties of circAGAP1, we first used
databases to predict multiple miRNA targets of circAGAP1
associated with the targets of sunitinib. According to the

FIGURE 2. The expression of circAGAP1 and its effect on sunitinib sensibility. (A) Relative expression of circAGAP1 in sunitinib-sensitive
(A498, ACHN, 786-O) and drug-resistant cell lines (ACHN-ST, 786-O-ST). (B, C) Detection of the circAGAP1 expression levels in circAGAP1
knockdown cell lines. (D, E) CCK-8 assay of circAGAP1-knockdown and control A498 and ACHN cells with sunitinib treatment at indicated
concentrations of 1.5 μM. (F, G) Colony formation assay of circAGAP1-knockdown and control A498 and ACHN cells with sunitinib
treatment.
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TargetScan database, up to 13 miRNAs were found to
have mRNA binding sites of PDGFRA (encoding PDGFRα),
PDGFRB (encoding PDGFRβ), FLT1 (encoding VEGFR-1),
and KdR (encoding VEGFR2), with most having more
than one binding sites. Therefore, these 13 miRNAs were
collectively referred to as miR-X, and their site information
is shown in Fig. 1. This suggests that circAGAP1 may be a
super circRNA that regulates sensitivity to sunitinib therapy.

Effects of circAGAP1 knockdown on the proliferation and clone
formation ability of sunitinib-treated ccRCC
We investigated the role of circAGAP1 in predicting sunitinib
sensitivity in renal carcinoma. First, we successfully induced
drug-resistant renal cancer cells (786-O-ST and ACHN-ST)

by increasing the drug concentration. Compared to the
parental cell lines, 786-O-ST and ACHN-ST cells exhibited a
poor response to sunitinib. Furthermore, 786-O-ST and
ACHN-ST cells could divide freely in media containing 7 or 4
μM sunitinib, respectively. In addition, 498 and ACHN cells
are sunitinib-sensitive cell lines, and these two sensitive cell
lines were selected during the functional experiment.
Subsequently, we detected circAGAP1 expression in parental
renal cancer and drug-resistant RCC. Among the tested cell
lines, sunitinib-sensitive cells (ACHN and 786-O cells)
showed high circAGAP1 expression (Fig. 2A). To investigate
the functional relevance of circAGAP1 in sunitinib sensitivity,
we stably knocked down circAGAP1 in A498 and ACHIN
cells (Figs. 2B and 2C) by constructing shRNAs against

FIGURE 3.Overexpression of circAGAP1 weakens the proliferation and clone formation ability of sunitinib-resistant ccRCC. (A, B) Detection
of the circAGAP1 expression levels in circAGAP1 overexpression cell lines. (C, D) CCK-8 assay of circAGAP1-overexpression and control
ACHN-ST and 786-O-ST cells with sunitinib treatment at indicated concentrations of 1.5 μM and 4 μM, respectively. (E, F) Colony
formation assay of circAGAP1-overexpression and control ACHN-ST and 786-O-ST cells with sunitinib treatment.
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circAGAP1 and observed the proliferation and clone formation
ability of the cells after sunitinib treatment. The CCK-8
experiment demonstrated that the proliferation of A498 and
ACHN cells increased following circAGAP1 knockdown
compared to that in control cells (Figs. 2D and 2E). After the
suppression of circAGAP1, the clonogenic capacity of A498
and ACHN cells was enhanced upon sunitinib treatment
(Figs. 2F and 2G), suggesting that circAGAP1 knockdown
weakened the sunitinib response in RCC. Moreover, flow

cytometric analyses showed that the proportion of apoptotic
cells significantly decreased when circAGAP1 was knocked
down in both cell lines (Fig. A2(A)). The knockdown of
circAGAP1 partially abrogated the activation of apoptosis in
A498 and ACHN cells. A noticeable increase in the migratory
abilities of A498 and ACHN cells was observed when
circAGAP1 was silenced (Figs. A2(E) and A2(F)). These
findings suggest that circAGAP1 is indispensable for sunitinib
sensitivity in ccRCC.

FIGURE 4. CircAGAP1 targets miR-149-5p, miR-455-5p, and miR-15-5p, and regulates the expression of sunitinib target PDGFR. (A–D)
Expression of miR-149-5p, miR-455-5p, miR-15a-5p and target PDGFR in sunitinib-sensitive (A498, ACHN, and 786-O) and drug-resistant
cell lines (ACHN-ST and 786-O-ST). (E) Expression of miR-149-5p, miR-455-5p, miR-15a-5p and target PDGFR in A498 and ACHN cells
after circAGAP1 knockdown. (F) RIP experiments verifying the binding between miR-149-5p, miR-455-5p, miR-15a-5p, and circAGAP1.
(G) Sequence alignment of wild-type (WT) circAGAP1 with miR-149-5p, miR-15a-5p, and miR-455-5p, with mutant (MUT) seed
regions highlighted in red. (H) Luciferase activity of WT and MUT circAGAP1 after co-transfection with miRNA mimics (NC, miR-149-
5p, miR-15a-5p, miR-455-5p). WT constructs showed significantly reduced activity (p < 0.001), while MUT constructs showed no
significant changes (n.s.). Data are presented as mean ± SD (n = 3).
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Effects circAGAP1 overexpression on the proliferation and
clone formation ability of sunitinib-resistant ccRCC
To confirm the role of circAGAP1 in sunitinib efficacy, we
generated ACHN-ST and 786-O-ST cells overexpressing
circAGAP1 (Figs. 3A and 3B). The results of the CCK-8 and
colony formation assays showed that the proliferation and
clone formation abilities of ACHN-ST and 786-O-ST cells
were decreased in the circAGAP1-overexpressing group
compared to the control group (Figs. 3C–3F). Moreover, the
rate of apoptosis detected by flow cytometry demonstrated
that the percentage of apoptotic events significantly
increased when circAGAP1 was overexpressed in sunitinib-
resistant cells with sunitinib treatment (Fig. A2(B)). Overall,

these findings demonstrate that sunitinib sensitivity
increases dramatically following circAGAP1 overexpression.

CircAGAP1 acts as a molecular sponge for multiple miRNAs
We previously discovered that circAGAP1 functions as an
miRNA sponge and influences gene expression [27].
Therefore, we predicted the potential target miRNAs
through bioinformatics analysis and identified 13 candidate
miRNAs that could bind to circAGAP1 (Fig. 1). We then
measured miRNA expression in sunitinib-sensitive (A498,
ACHN, and 786-O) and drug-resistant cell lines (ACHN-ST
and 786-O-ST) and discovered that miR-149-5p, miR-455-
5p, and miR-15-5p were significantly downregulated in

FIGURE 5. MiR149-5p, miR455-5p, and miR15-5p interference or remediation lines were identified in circAGAP1 knockdown or
overexpressed cells. (A, B) Cell lines having miRNA (miR-149-5p, miR-455-5p, and miR-15a-5p) interference with circAGAP1 knockdown
in sunitinib-sensitive cell lines (A498 and ACHN). (C, D) Overexpression of circAGAP1 and miRNAs (miR-149-5p, miR-455-5p, and miR-
15a-5p) in sunitinib-resistant cell lines (ACHN-ST and 786-O).
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sunitinib-sensitive cell lines compared with drug-resistant
cell lines, with the results being statistically significant
(Figs. 4A–4C). In contrast, PDGFR expression was
significantly upregulated in the sunitinib-sensitive cell lines
(Fig. 4D). In addition, the FISH assay indicated that miR-
149-5p, miR-455-5p, miR-15-5p and circAGAP1 were
located mainly in the cytoplasm (Fig. A2G). After
circAGAP1 knockdown in A498 cells, the expression of
miR-149-5p, miR-455-5p, and miR-15a-5p markedly
increased, whereas that of the target gene PDGFR

significantly decreased (Fig. 4E). The binding between
miR-149-5p, miR-455-5p, miR-15a-5p, and circAGAP1 was
verified using RIP experiments in ACHN cells (Fig. 4F).

To verify the relationship between miR-149-5p, miR-
455-5p, miR-15a-5p and circAGAP1, we constructed a dual-
luciferase reporter gene detection system. We constructed
circAGAP1 fragments with wild-type (wt) or mutant (mut)
complementary binding sites. We co-transfected luc-
circAGAP1-wt or luc-circAGAP1-mut plasmid with miR-
149-5p mimics, miR-455-5p mimics, miR-15a-5p mimics, or

FIGURE 6. After interference or overexpression of miR-149-5p, miR-455-5p, and miR15-5p in circAGAP1 knockdown or overexpression
cells, the proliferation and clone formation abilities of ccRCC cells were reversed. (A–D) CCK-8 assay of interference or overexpression of
miRNAs (miR-149-5p, miR-455-5p, and miR-15a-5p) in circAGAP1 knockdown or overexpression (A498, ACHN, and 786-O-ST) and
control group cells with sunitinib treatment. (E–G) Colony formation assay of interference or overexpression of miRNAs (miR-149-5p,
miR-455-5p, and miR-15a-5p) in circAGAP1 knockdown or overexpression (A498 and ACHN) and control group cells with sunitinib
treatment at indicated concentrations of 1.5 μM.

414 QI LV et al.



a negative control (NC) into 293T cells. Dual-luciferase
reporter gene experiments confirmed that the luciferase
activity of circAGAP1-wt was significantly reduced when
co-transfected with miR-149-5p, miR-455-5p, or miR-15a-
5p mimics than that in the NC group. However, in
the circAGAP1 mutant group, luciferase activity in the
miR-149-5p, miR-455-5p, and miR-15a-5p mimic transfer
groups did not significantly change compared to that in the
NC group (Figs. 4G and 4H). Taken together, these results
show that circAGAP1 can bind to multiple miRNAs,
including miR-149-5p, miR-455-5p, and miR-15a-5p, and
regulate the expression of the sunitinib target PDGFR.

miRNAs (miR-149-5p, miR-455-5p, miR-15a-5p) were
replenished or inhibited in circAGAP1 knockdown or
overexpressed RCC cells
The ability of miRNAs (miR-149-5p, miR-455-5p, and miR-
15-5p) to bind to circAGAP1 was confirmed. Further

functional experiments are required to confirm whether these
miRNAs are involved in the mechanism by which
circAGAP1 affects ccRCC susceptibility to sunitinib.
Therefore, we constructed miRNA (miR-149-5p, miR-455-
5p, and miR-15-5p) interference and remediation cell lines in
circAGAP1 knockdown and overexpressing cells,
respectively. Cells from the miRNA knockdown group
expressed lower levels of miR149-5p, miR455-5p, and
miR15-5p than those from the control group (Figs. 5A and
5B). In addition, cells from the miRNA overexpression group
expressed higher levels of miR-149-5p, miR-455-5p, and
miR-15-5p than those in the control group (Figs. 5C and 5D).

Knockdown or overexpression of miRNAs affected the
proliferation and clone formation ability of RCC after
sunitinib treatment
After successfully constructing miRNA (miR-149-5p, miR-
455-5p, and miR-15-5p) interference and remediation lines,

FIGURE 7. CircAGAP1 promotes sunitinib sensitivity in ccRCC via sponging multiple PDGFR-targeting miRNAs.
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we investigated whether circAGAP1 plays a role in sunitinib
efficacy through these miRNAs. The CCK-8 and colony
formation assays demonstrated that the proliferation and
clone formation of the miRNA-knockdown group were
weakened than those of the NC group (Figs. 6A, 6B, 6E and
6F). Furthermore, the apoptosis rate of circAGAP1
knockdown cells was significantly increased when miRNAs
were interfered with in flow cytometry analyses (Fig. A2(C)
and A2(D)). Overexpression of circAGAP1 weakened the
proliferation and clone formation abilities of ACHN-ST cells
after sunitinib treatment; however, the proliferation and
clone formation of RCC cells increased after the addition of
miR-149-5p, miR-455-5p, and miR-15-5p mimics (Figs. 6C,
6D, and 6G). Moreover, overexpression of miRNAs reversed
the apoptosis-promoting function of circAGAP1 following
sunitinib treatment. These results showed that knockdown
or overexpression of miRNAs can affect the proliferation
and clone formation abilities of circAGAP1 knockdown or
overexpression cells after sunitinib treatment (Fig. 7).

Discussion

Sunitinib has emerged as one of the primary first-line drugs
for RCC treatment, demonstrating significant efficacy in the
management of this aggressive cancer [28]. However, a
recurring concern in the clinical setting is the development
of varying degrees of resistance to sunitinib with prolonged
use. This phenomenon underscores the urgent need to
elucidate the mechanisms underlying sunitinib resistance.
We aimed to elucidate the molecular and cellular processes
responsible for this resistance. By gaining a comprehensive
understanding of these mechanisms, we hope to identify
novel therapeutic targets and strategies that can either
prevent or delay the onset of sunitinib resistance, and
ultimately improve the prognosis and quality of life of
patients with RCC. Our study underscores the importance
of continuous research efforts in oncology to advance the
frontiers of cancer treatment.

Notably, circRNAs are a class of non-coding RNAs that
have gained significant attention owing to their roles in
various cellular processes and diseases, including cancer and
associated drug resistance. Recent studies have highlighted
the pivotal roles of circRNAs in mediating drug resistance
mechanisms [18,29–31]. Huang et al. found that circSNX6
promotes sunitinib resistance through the circSNX6/miR-
1184/GPCPD1 axis as a molecular “sponge” [29].

Additionally, CircPTK2 interacts with PABPC1 and
enhances SETDB1 mRNA expression, thereby facilitating
gemcitabine resistance in bladder cancer [32]. In
hepatocellular carcinoma, circRNA-SORE overexpression is
correlated with increased sorafenib resistance [33].
Furthermore, circUCP2 regulates the malignant behavior of
non-small cell lung cancer through the miR-149/UCP2
pathway [34]. Mo et al. found that circMAN1A2 can sponge
miR-940 and regulate ERBB2, which is associated with
vasculogenic mimicry [35]. Emerging evidence has shown a
relationship between circRNAs and sunitinib resistance in
RCC [36–38]. In our previous studies, we found that
circAGAP1 regulates ccRCC cell proliferation, migration,
and invasion through other bypass or alternative pathways.

It can act as a competing endogenous RNA (ceRNA) by
interacting with miR-15a-5p, consequently blocking the
inhibition of its target gene, E2F3. Furthermore, miR-15a-5p
can regulate the malignant behavior of tumors by
suppressing DLEU2 expression and modulating angiogenesis
via VEGF-A inhibition. The function and mechanism of
circAGAP1 in ccRCC needs to be further explored in both
in vitro and in vivo studies.

In this study, we discovered that circAGAP1 expression
was significantly lower in sunitinib-resistant cell lines than
in sunitinib-sensitive cell lines and that it is functionally
required for sunitinib-resistant phenotypes such as
proliferation and migration. However, several questions
remain unanswered. How does circAGAP1 regulate
sunitinib sensitivity? Is circAGAP1 a molecular target for
the regulation of sunitinib sensitivity? Based on the multi-
target characteristics of sunitinib, combined with the report
by Khella et al., miRNAs targeting VEGFR may be used as
biomarkers to predict the remission rate of sunitinib [39].
Furthermore, our first study on the specific targeting and
complementary binding of miR-15a-5p and circAGAP1 [27]
showed that the target genes of miR-15a-5p include
VEGFR2, the primary target of sunitinib action.

According to previous studies, ceRNAs have been linked
to the development of drug resistance and tumor progression
in a variety of tumor types. However, our study is one of the
few to reveal that numerous circRNAs associated with
sunitinib resistance are dysregulated in ccRCC tissues. Many
studies have focused on a single miRNA; however, in this
study, we found that circAGAP1 can act as a molecular
sponge for multiple miRNAs, providing a more
comprehensive explanation for the underlying mechanisms.
We first identified miRNAs, including miR-149-5p, miR-
455-5p, and miR-15-5p for which circAGAP1 acts as a
sponge, and then predicted VEGFR and PDGFR to be
potential target genes of miRNAs using bioinformatics
analysis. Furthermore, this prediction was verified by dual-
luciferase reporter and RNA Binding Protein
Immunoprecipitation assays. Notably, PDGFR was the
target gene of these miRNAs, whereas VEGFR was
underexpressed in sunitinib-resistant RCC cells and was not
considered for further research. Moreover, circAGAP1 may
exert effects on ccRCC cells by mechanisms other than its
ceRNA mechanism. These include modulation of parental
gene expression, interaction with RNA-binding proteins,
involvement in transcriptional regulation, and immune
modulation within the tumor microenvironment. Each of
these avenues offers a potential pathway through which
circAGAP1 may effect ccRCC progression and patient
outcomes. We acknowledge the need for further research to
thoroughly explore these mechanisms.

Although our study provides an explanation for sunitinib
resistance, some limitations still need to be noted. First, the
results were obtained at the cellular level. However, owing
to the complex regulatory mechanisms in vivo, our
conclusions need to be validated in vivo. Second, due to the
limited availability of clinical samples and time constraints,
we were unable to expand our analysis within the desired
timeframe. However, we are actively seeking collaborations
to increase our sample size for future studies. Additionally,
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we intend to explore the clinical implications of our findings
in subsequent studies to further validate and strengthen
their clinical relevance. Emerging research indicates that
circAGAP1 plays a significant role in renal clear-cell
carcinoma progression. Targeting circAGAP1 offers a
promising therapeutic avenue by potentially disrupting
cancer-specific pathways [40]. Particularly, interventions
that modulate circAGAP1 levels or interfere with its
interaction with miRNAs may disrupt tumor-promoting
pathways, leading to decreased tumor growth and
metastasis. However, challenges include specific targeting
and the minimization of off-target effects. Furthermore, a
large number of samples, multiple centers, and independent
external cohort validations are required for circAGAP1 to
become a widely accepted biomarker.

Despite these challenges, the potential of circAGAP1 as a
drug target for ccRCC remains promising. Advances in drug
delivery systems, such as nanoparticle-based carriers (for
example, Yuan et al. designed and synthesized a co-delivery
nanosystem (Psc@DPP) that can adsorb platinum and si-
circNUP5 with good capability to target medications and
effectively treat diseases [41–43]), and the development of
more specific and potent circAGAP1 modulators could
overcome current limitations. Furthermore, elucidating the
role of circAGAP1 in ccRCC progression and its
interactions with other cancer-promoting mechanisms may
reveal additional targets for combination therapies, thereby
enhancing treatment efficacy and overcoming resistance.

Conclusion

In summary, circAGAP1 regulates the expression of the
sunitinib target PDGFR by acting as a miRNA sponge that
simultaneously suppresses miR-149-5p, miR-455-5p, and
miR-15a-5p. Overexpression of these three miRNAs
reversed circAGAP1-mediated sunitinib sensitivity in ccRCC
Identifying the multi-miRNA targets of circAGAP1 as a
core hub molecule has become a breakthrough. Sunitinib
therapy has not been fully explored in patients with RCC,
largely because the absence of biomarkers obscures the
identification of patients likely to respond to treatment. Our
findings hold potential significance in predicting cancer
prognosis and enhancing treatment strategies. Given their
unique closed-loop structures, there is an urgent demand for
reliable and consistent biomarkers that can effectively assess
the clinical advantages of sunitinib treatment.
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Appendix

FIGURE A1. A flowchart.
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FIGURE A2. Additional experiments. (A) Flow cytometric analysis detects apoptosis cell proportion with/without circAGAP1 knockdown in
A498 and ACHN cells with sunitinib treatment. (B) Flow cytometric analysis detects apoptosis cell proportion with/without overexpression of
circAGAP1 in ACHN-ST and 786-O-ST cells with sunitinib treatment. (C, D) Flow cytometric analysis detects apoptosis cell proportion in
miRNAs and circAGAP1 knockdown or overexpression cells (A498, ACHN, ACHN-ST and 786-O-ST) and control group cells with sunitinib
treatment. (E, F) Cell migration and transwell assays evaluate the migration ability of A498 and ACHN cells treated with sunitinib. (G) The
subcellular location of miR-149-5p, miR-455-5p, miR-15-5p and circAGAP1 were demonstrated by FISH assay. Scale bars, 20 μM.

420 QI LV et al.


	Circular RNA circAGAP1 promotes sunitinib sensitivity in renal cell carcinoma via sponging multiple PDGFR-targeted miRNAs
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


