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Abstract 

Background: Circular RNAs (circRNAs) have been indicated as potentially critical mediators in various types of tumor 
progression, generally acting as microRNA (miRNA) sponges to regulate downstream gene expression. However, 
the aberrant expression profile and dysfunction of circRNAs in human clear cell renal cell carcinoma (ccRCC) need to 
be further investigated. This study mined key prognostic circRNAs and elucidates the potential role and molecular 
mechanism of circRNAs in regulating the proliferation and metastasis of ccRCC.

Methods: circCHST15 (hsa_circ_0020303) was identified by mining two circRNA microarrays from the Gene Expres‑
sion Omnibus database and comparing matched tumor versus adjacent normal epithelial tissue pairs or matched 
primary versus metastatic tumor tissue pairs. These results were validated by quantitative real‑time polymerase chain 
reaction and agarose gel electrophoresis. We demonstrated the biological effect of circCHST15 in ccRCC both in vitro 
and in vivo. To test the interaction between circCHST15 and miRNAs, we conducted a number of experiments, includ‑
ing RNA pull down assay, dual‑luciferase reporter assay and fluorescence in situ hybridization.

Results: The expression of circCHST15 was higher in ccRCC tissues compared to healthy adjacent kidney tissue and 
higher in RCC cell lines compared to normal kidney cell lines. The level of circCHST15 was positively correlated with 
aggressive clinicopathological characteristics, and circCHST15 served as an independent prognostic indicator for over‑
all survival and progression‑free survival in patients with ccRCC after surgical resection. Our in vivo and in vitro data 
indicate that circCHST15 promotes the proliferation, migration, and invasion of ccRCC cells. Mechanistically, we found 
that circCHST15 directly interacts with miR‑125a‑5p and acts as a microRNA sponge to regulate EIF4EBP1 expression.

Conclusions: We found that sponging of miR‑125a‑5p to promote EIF4EBP1 expression is the underlying mechanism 
of hsa_circ_0020303‑induced ccRCC progression. This prompts further investigation of circCHST15 as a potential 
prognostic biomarker and therapeutic target for ccRCC.
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Introduction
Renal cell carcinoma (RCC) accounts for at least 3% 
of malignant diseases [1] and is the second leading 
cause of urological malignant neoplasm-related death 
[2]. Clear cell renal cell carcinoma (ccRCC) comprises 
80–90% of RCC and has a higher invasive ability and 
a higher relapse rate than other RCC subtypes. In the 
past few decades, the incidence and mortality of ccRCC 
appear to be increasing rapidly [2]. Because of local 
recurrence and distant metastasis, overall patient sur-
vival is not satisfactory [3, 4]. Therefore, it is essential 
that the molecular mechanisms that promote ccRCC 
development and progression be further studied.

In the last decades, due to the development of high-
throughput sequencing, numerous circRNAs have been 
discovered in mammalian cells [5–7]. And emerging 
evidence indicates that circRNAs may participate in the 
progression of many diseases, including cancers [8–15]. 
For instance, hsa_circ_001783 promoted progression 
of breast cancer cells via sponging miR-200c-3p [12]. 
circ-CPA4 regulated cell growth, mobility, stemness and 
drug resistance in NSCLC cells and inactivated CD8+ T 
cells in the tumor immune microenvironment through 
let-7 miRNA/PD-L1 axis [9]. And Hsa_circ_0058124 
promotes papillary thyroid cancer tumorigenesis and 
invasiveness through the NOTCH3/GATAD2A axis 
[15]. circRNA hsa_circ_002577 accelerated EC progres-
sion by acting as a miR-625-5p sponge, upregulating 
IGF1R and activating the PI3K/Akt pathway [14].

Although multiple circRNAs have been reported 
to regulate tumor progression [16], the functional 
roles of circRNAs in ccRCC remain largely unknown. 
It has been shown that circTLK1 plays a critical role 
in RCC progression by sponging miR-136-5p, which 
increases CBX4 expression, and circTLK1 might act 
as a diagnostic biomarker and therapeutic target for 
RCC [10]. hsa_circ_001895 might sponge miR-296-5p 
and promote SOX12 expression, which is the under-
lying mechanism of hsa_circ_001895-induced ccRCC 
progression [8]. In this work, we discovered a novel 
circRNA, termed hsa_circ_0020303, which was upreg-
ulated in ccRCC specimens and associated with poor 
prognosis of patients with ccRCC. We determined 
that circCHST15 promotes proliferation and metasta-
sis of ccRCC through directly binding to miR-125a-5p 
to attenuate miR-125a-5p-mediated suppression of 
EIF4EBP1. Taken together, our findings identify circ-
CHST15 as a potentially novel prognostic biomarker 
and therapeutic target in ccRCC.

Methods
Microarray analysis
To identify differently expressed circRNAs in ccRCC, we 
obtained microarray expression data from the Gene Expres-
sion Omnibus (GEO) database (https:// www. ncbi. nlm. 
nih. gov/ geo/; GSE100186 and GSE137836). In addition, to 
verify the pan-cancer expression of circRNA, we obtained 
microarray expression data from the GEO database for 
bladder cancer (GSE147984), breast cancer (GSE165884), 
rectal cancer (GSE121895), gastric cancer (GSE141977), 
glioma (GSE146463), and lung cancer (GSE101684). We 
also analyzed data from The Cancer Genome Atlas (TCGA) 
cohort, which contained 527 patients from the TCGA-
KIRC project, and the corresponding gene expression data 
were obtained from the Genomic Data Commons Data 
Portal (https:// portal. gdc. cancer. gov).

Our study complied with the principles set forth in 
the Declaration of Helsinki, and access to the de-iden-
tified linked dataset was obtained from the TCGA and 
GEO databases in accordance with database policies. 
For analyses of de-identified data from the TCGA and 
GEO databases, institutional review board approval 
and informed consent were not required.

For all expression datasets from the GEO database, 
background correction and quartile normalization 
were performed for each series by applying the robust 
multi-array average algorithm [17]. The average value 
of gene symbols with multiple probes was calculated 
as expression level. For datasets from the TCGA data-
base, messenger RNA (mRNA) expression was quan-
tified with fragments per kilobase of exon per million 
reads mapped (FPKM). The primary prognosis end-
point was overall survival (OS), and survival curves 
were estimated using the Kaplan–Meier method. 
Expression profiles of circRNAs, miRNAs, and mRNAs 
were retrieved from two circRNA microarrays and 
the TCGA database. We applied the limma and edgeR 
packages to identify differentially expressed RNAs in 
ccRCC compared to matched adjacent epithelial tissue 
and in primary compared to matched metastatic tumor 
tissue. Next, a competing endogenous RNA (ceRNA) 
network was established based on circRNA–miRNA 
and miRNA–mRNA intersections. Significantly differ-
entially expressed transcripts were defined as charac-
terized by fold change ≥2 or ≤ − 2 and P ≤ 0.05.

Patients and tumor tissue collection
We obtained 175 paired pathologically diagnosed ccRCC 
tissues and matched adjacent normal epithelial tissues 
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from Sun Yat-sen University Cancer Center (Guang-
zhou, China). And all tissue specimens were immedi-
ately frozen in liquid nitrogen and stored at − 80 °C. The 
collection of tissue samples was approved by the Ethics 
Committee of Sun Yat-sen University Cancer Center. 
Moreover, we verified the identified circRNA expres-
sion levels in the Sun Yat-sen University (SYSU) patient 
cohort for prediction of OS and progression-free survival 
(PFS) by Kaplan–Meier analysis and compared them to 
clinicopathological characteristics and algorithms for 
clinical prognostic scores (stage, size, grade, necrosis 
[SSIGN] score).

Cell culture and treatments
Human RCC cell lines 786-O, 769P, ACHN, CAKI-1, 
A498, and OSRC2, and the human renal proximal tubu-
lar epithelial cell line HK2 were purchased from the 
American Type Culture Collection. 786-O and 769P cells 
were cultured, in a humidified atmosphere of 5% CO2 
maintained at 37 °C, in RPMI-1640 (Invitrogen-Gibco); 
CAKI-1 cells in McCoy’s 5A (Gibco); ACHN, OSRC2, 
HK2, and HEK293T cells in DMEM (Gibco); and A498 
cells in MEM (Gibco). All cell culture media contained 
10% fetal bovine serum (Thermo Fisher Scientific) and 
1% penicillin-streptomycin (Gibco). When we performed 
the actinomycin D assay, we added 2 μg/ml of actinomy-
cin D (Sigma-Aldrich) to 786-O and CAKI-1 cells, and 
incubated ccRCC cells for 4, 8, 16, and 24 h.

RNase R treatment and quantitative real‑time polymerase 
chain reaction
Genomic DNA and total RNA were extracted with Min-
iBEST Universal Genomic DNA Extraction Kit, version 
5.0 (Takara) and RNAiso Plus (Takara), respectively. 
RNase R treatment was carried out for 30 min at 37 °C 
using 3 U/μg of RNase R (Epicenter Technologies). The 
nuclear and cytoplasmic fractions were isolated using a 
PARIS Kit (Life Technologies), according to the manufac-
turer’s instructions. RNA was reverse transcribed using 
PrimeScript RT Reagent Kit (Takara). TB Green Premix 
Ex Taq II (Takara) was used for qRT-PCR. The circRNA 
and mRNA levels were normalized by GAPDH. The 
miRNA level was normalized by small nuclear U6. Prim-
ers are listed in Additional file 1: Table S1.

Oligonucleotide transfection
SiRNAs were synthesized by RiboBio (Guang-
zhou, China). Sequences used are listed in Addi-
tional file 2: Table S2. Transfection was carried out using 
RNAiMAX(Life Technologies) according to the manufac-
turer’s instructions.

Plasmid construction and stable transfection
To construct circCHST15 over-expression plasmids, 
human circCHST15 cDNA was synthesized and cloned 
into a pLenti-CMV-GFP-Puro vector by GeneCreate 
(Wuhan, China), which was confirmed by sequencing. 
An empty plasmid served as the negative control. HEK-
293 T cells were cotransfected with pLenti-CMV-GFP-
Puro- circCHST15 or empty plasmid by Lipofectamine 
2000 (Invitrogen). Forty-eight hours later, lentiviruses 
were harvested. ccRCC cells were infected with lentivi-
ruses with 8 mg/mL polybrene by ViraPower Packaging 
Mix (ThermoFisher). Stable cell lines were obtained by 
treatment with 2 μg/mL puromycin (Sigma Aldrich) for 
3 days. For silencing of circCHST15, sh-circCHST15 and 
sh-control were purchased from GenePharma.

Cell proliferation, wound healing, migration, and invasion 
assays
For cell proliferation assay, 2 × 103 cells were seeded in 
100 μl of complete culture media in 96-well plates for var-
ious time periods. Cell Counting Kit-8 assay (APExBio) 
was performed to measure cell viability according to 
manufacturer’s instructions.

For colony formation assays, 1 ×  103 cells were seeded 
in 6-well plates. Approximately 7–10 days later, the clones 
were then imaged and quantified.

For 5-ethynyl-2′-deoxyuridine (EdU) cell proliferation 
assays, we obtained the EdU kit from RiboBio to detect 
cell proliferation of 786-O, CAKI-1, HK2, or A498 cells. 
Cultured RCC cells (200 μl of 2 ×  104 cells/ml) were incu-
bated with 50 μmol/L of EdU for 8 h. After fixation with 
70% alcohol and permeabilization with Triton X-100, the 
cells were then incubated with Apollo staining reaction 
liquid (Click-iT EdU Apollo stain kit, Invitrogen) to label 
the cells. Nuclei were stained with DAPI. Immunostain-
ing was visualized and photographed under a fluores-
cence microscope (Olympus inverted microscope IX71).

For wound healing assay, cells were seeded in 6-well 
plates with 5 ×  105 cells per well. Then, a wound was 
made by using a 200 μl pipette tip on the cell monolayer 
and photographs were taken at the appropriate time to 
estimate the area occupied by migratory cells.

For transwell invasion assays, a 24-well transwell cham-
ber (Costar, USA) with Matrigel (BD Biosciences) was 
used to detect cell invasive ability according to the manu-
facturer’s protocol. Cells suspended in 0.2 ml serum-free 
medium (5 × 104/well) were added to the upper cham-
bers, and media supplemented with 10% FBS was applied 
to the lower chambers. After incubating the cells for 6 h 
(for 786-O and HK2), 20 h (for CAKI-1) and 24 h (for 
A498), at 37 °C; and 5% CO2, cells that invaded to the 
lower membrane surface were fixed with 4% paraformal-
dehyde and stained with 1% crystal violet in PBS. Invaded 
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cells were counted in five randomly selected fields. Three 
independent experiments were performed in triplicate.

Western blot analysis
Proteins extracted from ccRCC tissues or cells (30 μg) 
were separated by SDS-PAGE, and then transferred to 
PVDF membrane. After blocking for 1 h with 5% skim 
milk powder at room temperature, membranes were 
incubated with primary antibodies specific to EIF4EBP1 
(1:1000, Absin), vimentin (1:1000, Cell Signaling Tech-
nology), N-cadherin (1:1000, Cell Signaling Technol-
ogy), E-cadherin (1:1000, Cell Signaling Technology), 
PCNA (1:1000, Cell Signaling Technology), p-AKT 
(1:1000, Cell Signaling Technology), AKT (1:1000, Cell 
Signaling Technology), mTOR (1:1000, Cell Signaling 
Technology), p-mTOR (1:1000, Cell Signaling Technol-
ogy), PI3K (1:1000, Cell Signaling Technology), p-PI3K 
(1:1000, Cell Signaling Technology), or GAPDH (1:5000, 
Abcam) at 4 °C overnight. The membranes were then 
incubated with horseradish peroxidase (HRP)-con-
jugated goat anti-mouse secondary antibody (1:5000, 
Cell Signaling Technology) and visualized using the 
Immobilon Western Chemiluminescent HRP Substrate 
(Millipore).

Biotin‑coupled probe pull‑down assay
The biotinylated probe was specifically designed to bind 
to the junction area of circCHST15, while the oligo probe 
was taken as a control. Approximately 1 ×  107 cells were 
harvested and lysed. The circCHST15 probe (GeneP-
harma, Suzhou, China) was incubated with streptavidin 
magnetic beads (Life Technologies, USA) at room tem-
perature for 2 h to generate probe-coated beads. The cell 
lysates were incubated with probe-coated beads at 4 °C 
overnight. The beads were washed and the bound miR-
NAs in the pull-down materials were extracted using Tri-
zol reagent and analyzed by qRT-PCR assay.

Biotin‑coupled miRNA capture
The 3′ end biotinylated miRNA mimics or control RNA 
(Ribio, Guangzhou, China) were transfected into ccRCC 
cells for 48 h before harvest. Then biotin-coupled RNA 
complex was pulled down by incubating the cell lysates 
with streptavidin-coated magnetic beads (Life Technolo-
gies). The abundance of circCHST15 in bound fraction 
was evaluated by qRT-PCR analysis.

Fluorescence in situ hybridization
The ccRCC cells were first fixed in 4% formaldehyde 
solution, and then incubated with 0.5% Triton X-100. 
The Cy5-labeled circCHST15 probe and Cy3-labeled 
miR-125a-5p probe (GenePharma, Suzhou, China) were 
hybridized at 37 °C with cells in the dark for 5 h. The 

cells were then photographed by laser scanning confocal 
microscopy (Carl Zeiss). The sequences of the probes are 
listed in Additional file 3: Table S3.

Luciferase reporter assay
Wild-type or mutant circCHST15 or 3′-UTR EIF4EBP1 
was synthesized and then subcloned into psiCHECK-2 
vector. HEK293T cells were seeded in 24-well plates at 
a concentration of 1.5 × 105 per well and cotransfected 
miR-125a-5p mimics or miR-NC with psiCHECK-2-wt-
circCHST15, psiCHECK-2-mut-circCHST15,

psiCHECK-2-wt-EIF4EBP1 or psiCHECK-2-mut-EIF-
4EBP1. Two days later, luciferase activities were meas-
ured by Lucifer Reporter Assay System (Promega) and 
normalized to Renilla luciferase activity.

Hematoxylin and eosin staining and immunohistochemical 
analysis
The primary antibodies specific for EIF4EBP1(Absin), 
vimentin (Cell Signaling Technology), N-cadherin (Cell 
Signaling Technology), and E-cadherin (Cell Signaling 
Technology) were used at the appropriate dilution in the 
experiments. Tissue samples of 5-μm-thick paraffin sec-
tions were stained with hematoxylin and eosin and sub-
jected to immunohistochemical analysis. Images were 
captured using a Nikon Eclipse 80i system with NIS-Ele-
ments software.

Animal experiments
BALB/c nude mice (4–6 weeks old) were purchased from 
Charles River Laboratories. All animal care and experi-
mental procedures were approved by the Institutional 
Animal Care and Use Committee of Sun Yat-sen Univer-
sity and were performed in accordance with established 
guidelines.

For the tumor growth study, eight mice were included 
in each group, and 786-O cells with stable knockdown 
of circCHST15 or control cells (5 ×  106 cells per mouse) 
were injected subcutaneously into the left side of the 
axilla. The size of the tumor was measured every week. 
Four weeks later, the mice were sacrificed, and tumor 
weight was recorded.

An in vivo metastasis model was established by intra-
venous injection through the tail vein of 2 ×  106 ccRCC 
cells that stably expressed firefly luciferase into 4-week-
old BALB/c nude mice. Six weeks after injection, biolu-
minescence of lung metastases of tumor was detected 
using an in vivo bioluminescence imaging system. Then, 
the mice were sacrificed. The lungs were removed and 
fixed with phosphate-buffered formalin. Subsequently, 
consecutive tissue sections were made for each block of 
the lung. The numbers of pulmonary metastatic nodules 
in the lung were recorded.
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Statistical analysis
Statistical analyses were conducted using SPSS 19.0 or 
GraphPad Prism 8.0 software. Student’s t-test (two tailed) 
was applied to assess the statistical significance between 
two groups. The chi-square test was used to analyze the 
correlation between circCHST15 expression levels and 
clinicopathological features in ccRCC. OS curves were 
calculated with the Kaplan–Meier method and ana-
lyzed with the log-rank test. Data were presented as the 
mean ± standard error of the mean. P < 0.05 was consid-
ered statistically significant.

Results
Key circRNAs were identified by microarray data analysis
We simultaneously analyzed the expression profiles of 
circRNAs in two microarray datasets, which contained 
four matched tumor/normal adjacent epithelial tis-
sue sample pairs and three matched primary/metastatic 
tumor tissue pairs (GSE100186 and GSE137836; www. 
ncbi. nlm. nih. gov/ geo). A total of 673 dysregulated circR-
NAs were identified in GSE100186, and 804 were identi-
fied in GSE137836. Then, 16 circRNAs were prioritized 
from among the top 100 circRNAs that were differently 
expressed in both of the GEO datasets (Fig. 1A–E). Then, 
we queried the expression of these 16 circRNAs across 
multiple cancer types, which identified circCHST15 as a 
probable oncogene (Fig.  1G). Additionally, according to 
the method of bioinformatics analysis, we predicted the 
possible circRNA–miRNA and miRNA–mRNA intersec-
tions, and drew a ceRNA network map by using the Soft-
ware Cytoscape software (Fig. 1F).

circCHST15 is upregulated in ccRCC and associated 
with poor prognosis of patients with ccRCC 
To validate the clinical relevance of circCHST15 in 
ccRCC, we first applied qRT–PCR to detect the expres-
sion of circCHST15 in 175 pairs of ccRCC tissues and 
matched adjacent normal tissues. It was identified that 
circCHST15 was significantly upregulated in ccRCC 
tissue than adjacent normal tissue (Fig.  1G). Subse-
quently, it was analysed that the over-expression of 
circCHST15 was positively correlated with advanced 
tumor stage, while not significantly correlated with other 

clinicopathological features (Table  1). We also deter-
mined that more advanced tumor grade and stage was 
associated with higher circCHST15 expression level, 
and Kaplan–Meier analysis showed that patients with 
tumors characterized by low circCHST15 expression 
had markedly better OS and PFS (Fig.  1H,I). In addi-
tion, receiver operating characteristic (ROC) analysis 
found that circCHST15 level can be considered in com-
bination with other clinical indicators to more accurately 
predict patient OS, such as  ROCSSIGN + circCHST15 = 0.887, 
 ROCSSIGN = 0.844,  ROCcircCHST15 = 0.718, and P (for ROC 
test) < 0.011 (Fig. S2A,C). circCHST15 can also improve 
the PFS predictive ability of the SSIGN scoring scale (Fig. 
S2B,D). No relationship between age or gender and circ-
CHST15 level was observed (Fig. 1H).

In addition, we conducted univariate Cox regression 
analysis in the SYSU cohort to determine whether circ-
CHST15 expression level and clinical features (including 
age, sex, T stage, N stage, M stage, stage, tumor grade 
SSIGN score) might be valuable prognostic biomark-
ers. Univariate analysis uncovered a significant, positive 
correlation between increasing circCHST15 expression 
level and clinical features (except sex) for both OS and 
PFS (Tables 2 and 3). To ascertain whether circCHST15 
expression level could be an independent prognostic fac-
tor for patients with ccRCC, multivariate Cox regression 
analysis was performed. We verified that increased circ-
CHST15 expression level was a significant independent 
prognostic factor in the SYSU cohort that directly corre-
lated with poorer OS and PFS outcomes (Tables 2 and 3).

Identification and characterization of circCHST15 in ccRCC 
cells
As mentioned above, we first analyzed the published 
circRNA microarray data of human ccRCC tissues and 
paired normal renal tissues and found that circCHST15 
was increased in ccRCC. Interestingly, based on our 
ceRNA network predictive model, circCHST15 might 
also function as a miRNA sponge. To test this hypothesis, 
we first confirmed that the expression of circCHST15 
was significantly upregulated in 786-O, 769P, ACHN, 
CAKI-1, A498, and OSRC2 RCC cell lines compared 
to the human renal proximal tubular epithelial cell line 

Fig. 1 Identification of has_circ_0020303 in ccRCC tissues. A Volcano plot of GSE137836 and GSE100186. Compared to the primary tumors 
(in GSE137836) and adjacent normal tissue (in GSE100186), red dots represent significantly up‑regulated circRNAs, while green dots represent 
significantly down‑regulated circRNAs. Grey dots represent circRNAs that are not significant. B Venn plot of the two datasets. Common circRNAs 
with p < 0.05, |log2 (fold change)| > 1 are chosen. C identification of sixteen circRNAs from the overlaps of top 100 DEGs in two circRNA microarrays. 
D Heat map shows dysregulated circRNAs between ccRCC tissues (T) and adjacent noncancer tissues (N). The numerical data represented the serial 
number of circRNAs in circBase. E Heat map shows dysregulated circRNAs between metastatic ccRCC tissues and primary ccRCC tissues. F a ceRNA 
network was established based on circRNA‑miRNA and miRNA‑mRNA intersections. G Expression of circRNA hsa_circ_0020303 in pan‑cancer 
analysis or in ccRCC tissues and adjacent noncancer tissues detected by qRT‑PCR (N = 175). H Correlation between circRNA hsa_circ_0020303 and 
clinical characteristics. I Overall survival and progression‑free survival analysis of ccRCC patients with high hsa_circ_0020303 expression and low 
levels of hsa_circ_0020303

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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HK2 (Fig. 2A). Because circRNAs do not have a 3′ poly-
adenylated tail, we detected the presence of circCHST15 
in the reverse transcription products using random 
primers or oligo dT primers, and we verified that circ-
CHST15 was almost undetectable when oligo-dT prim-
ers were used (Fig.  2B). To verify that exons 3, 4, 5, 6, 
7, 8, and 9 of the CHST15 gene formed an endogenous 
circRNA, we designed divergent and convergent primers 

that specifically amplified the back-spliced and canoni-
cal forms of CHST15 (Fig.  2C,Fig. S3A). circCHST15 
was detected by RT–PCR with divergent primers, and 
the amplified fragment was resistant to digestion by 
RNase R. In contrast, convergent primers amplified the 
CHST15 mRNA, which disappeared after RNase R diges-
tion. Furthermore, no genomic DNA was amplified using 
the divergent primers, eliminating artifacts caused by 
genomic rearrangement (Fig. 2C, Fig. S3B).

Subsequently, Sanger sequencing of the qRT–PCR 
product of circCHST15 was performed to verify the 
head-to-tail splicing. The result was in accordance with 
circBase (http:// circr na. org/), which indicated that circ-
CHST15 was derived from exons 3, 4, 5, 6, 7, 8, and 9 of 
the CHST15 gene (Fig. 2D).

Next, the actinomycin D assay showed that the half-
life of circCHST15 transcript exceeded 24 h, indicating 
that this isoform is more stable than the linear CHST15 
mRNA transcript in 786-O cells (Fig.  2E). Consistently, 
the RNase R treatment showed that circCHST15 was 
resistant to RNase R (Fig. 2F). Next, it was clearly iden-
tified that circCHST15 was enriched in the cytoplasm 
through sub-cellular localization analysis and FISH assay 
(Fig. 2G,H).

circCHST15 promotes proliferation, migration, 
and invasion of ccRCC cells in vitro
To discover the potential biological effect of circCHST15 
in ccRCC cells, we used RNA interference (RNAi) to 
silence the expression of circCHST15 in 786-O and 
CAKI-1 cells, and we also engineered these cell lines to 
stably overexpress circCHST15 via transfection with a 
circCHST15 vector. The knockdown and overexpres-
sion efficiencies in transformed cell lines were detected 
by qRT–PCR analysis (Fig.  3A,F). Importantly, the 
expression level of genomic CHST15 was not affected 
by circCHST15 changes (Fig.  3A,F). It was confirmed 
that knockdown of circCHST15 reduced the prolifera-
tive capacity of 786-O and CAKI-1 cells (Fig.  3B,C,L) 
upon colony formation assays, CCK8 assays, and EdU 

Table 1 Correlations between CircCHST15(hsa_circ_0020303) 
expression levels and clinicopathological characteristics in 
ccRCC(SYSU cohort, n = 175)

*P < 0.05 was considered to be statistically significant (chi-square test)

AJCC American Joint Committee on Cancer; SYSU cohort, 175 patients with 
ccRCC from Sun yat-sen University Cancer Center

Characteristics cases CircCHST15 
expression

P‑value

Low High

Age(years) 0.3242

  < 60 123 65 58

  ≥ 60 52 23 29

Gender ns

 Male 121 61 60

 Female 54 27 27

AJCC stage_T 0.0009*

 T1/T2 137 78 59

 T3/T4 38 10 28

AJCC stage_N 0.9886

 N0 169 85 84

 N1 6 3 3

AJCC stage_M 0.0414*

 M0 162 85 77

 M1 13 3 10

STAGE 0.0064*

 I/II 125 71 54

 III/IV 50 17 33

GRADE 0.1532

 I/II 135 72 63

 III/IV 40 16 24

Table 2 Univariate and multivariate Cox regression analyses of different parameters on overall survival

HR hazard radio, CI confidence interval

parameter Univariate Analysis Multivariate Analysis

HR(95%CI) P Value HR(95%CI) P Value

Age(≥60 yr vs. < 60 yr) 2.887(1.336–6.239) 0.007 2.781(1.206–6.412) 0.016

Sex(male vs. female) 2.303(0.867–6.116) 0.094 2.665(0.952–7.456) 0.062

Stage(III/IV vs. I/II) 10.416(4.349–24.947) < 0.001 5.444(2.133–13.894) < 0.001

Grade(3/4 vs.1/2) 5.259(2.415–11.451) < 0.001 2.819(1.204–6.601) 0.017

circCHST15 expression level (High 
vs. Low)

8.234(2.472–27.429) < 0.001 8.948(2.620–30.554) < 0.001

http://circrna.org/
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assays. Moreover, it was revealed that down-regulation 
of circCHST15 suppressed cell migration in 786-O and 
CAKI-1 cells. Additionally, transwell assays revealed that 
the migration and invasion abilities of ccRCC cells were 
significantly inhibited through down-regulating circ-
CHST15 expression level (Fig. 3D,E). On the contrary, it 
was proved that up-regulation of circCHST15 promoted 
the proliferation, migration, and invasion of ccRCC cells 
(Fig.  3G–K). Briefly, it was suggested that circCHST15 
plays a role of oncogene in ccRCC cells.

circCHST15 serves as a miRNA sponge for miR‑125a‑5p 
in ccRCC cells
Because circRNAs predominantly located in the cytoplasm 
are usually associated with miRNA sponging [18, 19], we 
further explored whether circCHST15 could bind to miR-
NAs. Four potential target miRNAs (miR-206, miR-20b-5p, 
miR-125a-5p, and miR-125b-5p) were predicted by CircIn-
teractome and miRanda to interact with circCHST15, and 
these miRNAs were selected as candidate miRNAs for 
subsequent experiments (Fig.  4A). The positions of puta-
tive binding sites in circCHST15 are shown in Fig.  4B. 
We designed a biotinylated circCHST15 probe and oligo 
probe for RNA pull-down assays, and we verified the pull-
down efficiency of the probes in A498 and HK2 cells trans-
fected with circCHST15 overexpression or control vector 
(Fig. 4C). The miRNAs pulled down by biotinylated probes 
were purified and analyzed by qRT–PCR. Of the four can-
didate miRNAs, only miR-125a-5p could be abundantly 

pulled down by circCHST15 probe in both A498 and HK2 
cells overexpressing circCHST15 (Fig.  4D). To further 
confirm the sponging of miR-125a-5p by circCHST15, we 
conducted biotin-coupled miRNA capture and luciferase 
reporter assays, as well as FISH. A498 and HK2 cells sta-
bly overexpressing circCHST15 were transfected with 
biotin-labeled miR-125a-5p (biotin-miR-125a-5p-wt) or 
its mutant (biotin-miR-125a-5p-mut), and circCHST15 
captured by miR-125a-5p was evaluated by qRT–PCR. We 
detected robust enrichment of circCHST15 in the captured 
fraction from biotin-miR-125a-5p-wt cells compared to 
biotin-miR-125a-5p-mut cells (Fig.  4E), supporting that 
miR-125a-5p can bind to circCHST15. As an orthogo-
nal approach, we inserted either wild-type circCHST15 
sequence or circCHST15 sequence with mutations in the 
miR-125a-5p binding sites into the psiCHECK-2 vector to 
perform luciferase reporter assays. HEK293T cells were 
transfected with miRNA mimics and either wild-type or 
mutant circCHST15 psiCHECK-2 vector for 48 h, and then 
Renilla luciferase activity was quantified. When we up-
regulated the miR-125a-5p levels, relative luciferase activity 
was decreased. It was suggested that miR-125a-5p interacts 
with circCHST15 (Fig. 4F,G). Besides, it was showed that 
circCHST15 and miR-125a-5p were co-localized in the 
cytoplasm (Fig.  4H) by FISH analysis. Collectively, it was 
suggested that circCHST15 might act as a ceRNA through 
targeting miR-125a-5p.

Table 3 Univariate and multivariate Cox regression analyses of different parameters on progression‑free survival

HR hazard radio, CI confidence interval

parameter Univariate Analysis Multivariate Analysis

HR(95%CI) P Value HR(95%CI) P Value

Age(≥60 yr vs. < 60 yr) 2.381(1.198–4.733) 0.013 2.028(0.985–4.174) 0.055

Sex(male vs. female) 1.997(0.866–4.606) 0.105 2.276(0.966–5.367) 0.060

Stage(III/IV vs. I/II) 4.617(2.309–9.234) < 0.001 2.480(1.123–5.477) 0.025

Grade(3/4 vs.1/2) 4.201(2.102–8.397) < 0.001 2.899(1.323–6.351) 0.008

circCHST15 expression level (High vs. 
Low)

2.282(1.106–4.707) 0.026 2.619(1.244–5.512) 0.011

(See figure on next page.)
Fig. 2 The validation and characteristics of circCHST15 in RCC cells. A Relative expression of circCHST15 in the human renal proximal tubular 
epithelial cell line HK2immortalized uroepithelium cell line HK2, and RCC cell lines 786‑O, 769P, ACHN, CAKI‑1, A498 and OSRC2. B qRT‑PCR analysis 
of circCHST15 in the reverse transcription products using random primers or oligo dT primers. C The existence of circ CHST15 was detected in 786‑O 
cell lines by qRT‑PCR with convergent or divergent primers and validated by Gel electrophoresis. D The expression of circCHST15 was validated by 
Sanger sequencing. Yellow arrow represents the back‑splicing site of circCHST15. CircCHST15 derived from back‑splicing of exons 2,3, 4,5,6,7,8 and 
9 of CHST15 gene. E qRT‑PCR analysis of circ CHST15 and CHST15 mRNA after treatment with Actinomycin D at the indicated time points in 786‑O 
cells. F qRT‑PCR analysis of circ CHST15 and CHST15 mRNA after treatment with or without RNase R in 786‑O and CAKI‑1 cells. G qRT‑PCR analysis 
of circCHST15 using nuclear and cytoplasmic fractions of 786‑O and CAKI‑1 cells. H FISH confirmed that circCHST15 was predominantly located in 
cytoplasm. Nuclei were stained with DAPI. U6, 18S and circCHST15 were labeled with Cy3. K‑L Influence of hsa_circ_0020303 on cell proliferation of 
ccRCC cells detected by 5‑ethynyl‑2′‑deoxyuridine (EdU) staining assay
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Fig. 2 (See legend on previous page.)
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miR‑125a‑5p is downregulated and exerts 
a tumor‑suppressive role by targeting EIF4EBP1 in ccRCC 
cells
Because of the clinch between circCHST15 and miR-
125a-5p, we assessed the expression level and potential 
effect of miR-125a-5p in ccRCC cells. It was analysed 
that miR-125a-5p was notably suppressed in ccRCC cell 
lines compared to HK2 cells (Fig.  5A) upon RT–PCR 
assay. To evaluate the functional role of miR-125a-5p, 
we transfected miRNA mimics or control constructs in 
786-O, CAKI-1, Cell proliferation, migration, and inva-
sion abilities were significantly suppressed in ccRCC cells 
transfected with miR-125a-5p mimics compared to the 

control group (Fig. 5B–E). We also transfected A498 and 
HK2 cells with either a miRNA inhibitor or a control con-
struct. In contrast to what we observed with the miRNA 
mimics, inhibiting miR-125a-5p significantly promoted 
the proliferation, migration, and invasion capabilities of 
ccRCC cells (Fig. 5F–I).

To identify possible target genes of miR-125a-5p in 
ccRCC cells, we applied miRDB [20] and TargetScan 
[21]. Accordingly, it was revealed that EIF4EBP1 might 
act as a potential target gene of miR-125a-5p. And then 
we conducted luciferase reporter assays. The results 
showed that miR-125a-5p mimics decreased the lucif-
erase activity of psiCHECK-2-wt-EIF4EBP1, but had 

Fig. 3 Knockdown/overexpression of circCHST15 suppresses/promote RCC cells proliferation, migration and invasion in vitro. A‑E 786‑O and CAKI‑1 
cells after transfection of circCHST15‑siRNA or siRNA‑control. F‑J. A498 and HK2 cells after stable transfection of circCHST15 or vector. A, F qRT‑PCR 
analysis of circCHST15 and CHST15 mRNA in RCC cells and HK2 cells. B‑C G‑H Cell proliferation ability of RCC cells and HK2 cells was evaluated by 
colony formation assay and CCK8 assay. D, I Cell migration capability of RCC cells and HK2 cells was evaluated by wound healing assays. E‑J The 
influence on cell migration and invasion abilities of RCC cells and HK2 cells was assessed by transwell migration and matrigel invasion assays

(See figure on next page.)
Fig. 4 circCHST15 serves as a miR‑125a‑5p sponge in RCC cells. A Four potential target miRNAs of circCHST15 were predicted by bioinformatic 
analysis. B Schematic model showed the putative binding sites of eight miRNA candidates associated with circCHST15. C. Relative levels of 
circCHST15 in A498 and HK2 lysates after RNA pull down using circCHST15 probe or oligo probe. D Relative levels of four miRNAs in A498 and 
HK2 lysates pulled down by circCHST15 probe or oligo probe. E Relative levels of circCHST15 in A498 and HK2 lysates captured by biotinylated 
wild‑type miRNA‑125a‑5p (Biotin‑miR‑125a‑5p‑wt) or mutant miR‑125a‑5p(Biotin‑miR‑125a‑5p‑mut). F Luciferase reporter assay in HEK293T cells 
co‑transfected with miRNA mimics, psiCHECK‑2‑wild type circCHST15 (circCHST15‑wt) or psiCHECk‑2‑mutant type circCHST15 (circCHST15‑mut) 
plasmids. G Schematic of circCHST15 wild‑type (wt) and mutant (mut) luciferase reporter vectors. H FISH showed the colocalization between 
circCHST15 and miR‑125a‑5p in A498 cells. Nuclei were stained with DAPI. CircCHST15 was labeled with Cy3 and miR‑125a‑5p was labeled with Cy5
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Fig. 4 (See legend on previous page.)
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no effect on luciferase activity of psiCHECK-2-mut-
EIF4EBP1 (Fig. 5J,K). Consistently, it was indicated that 
the expression of EIF4EBP1 protein was significantly 
reduced after transfection of miR-125a-5p mimics, 
while upregulated after transfection of miR-125a-5p 
inhibitor in A498 and HK2 cells by western blot analy-
sis (Fig. 5L).

Previous studies showed that EIF4EBP1 acts as an 
oncogene in lung adenocarcinoma [22], hepatocellular 
carcinoma [23], and nasopharyngeal carcinoma [24], but 
no one has studied the biological effect of EIF4EBP1 in 
ccRCC. Our study revealed that knockdown of EIF4EBP1 

suppressed the proliferation, migration and invasion abil-
ities in ccRCC cells upon colony formation assays, wound 
healing assays and transwell assays (Fig. 6A-D).

Notably, expression of miR-125a-5p and EIF4EBP1 
were also verified in the TCGA dataset and the SYSU 
patient cohort (Fig. S1), and the interaction between 
them was also tested (Fig. S1). Consistent with previous 
reports [25], our data strongly suggest that EIF4EBP1 
acts as an oncogene in ccRCC cells, and that miR-
125a-5p suppresses proliferation, migration, and invasion 
of ccRCC cells by targeting EIF4EBP1.

Fig. 5 Up‑regulated/down‑regulated miR‑125a‑5p suppresses/promotes cell proliferation, migration and invasion through targeting EIF4EBP1 
in vitro. A Relative expression of miRNA‑125a‑5p in HK2, 786‑O, CAKI1 and A498 cell lines. B‑E 786‑O and CAKI‑1 cells transfected with mimics NC 
or miR‑125a‑5p mimics. F‑I, A498 and HK2 cells transfected with Inhibitor NC or miR‑125a‑5p Inhibitor. B, F Cell proliferation ability of RCC cells and 
HK2 cells was evaluated by CCK8 assay. C, G Cell migration capability of RCC cells and HK2 cells was evaluated by wound healing assays. D, H Cell 
proliferation ability of RCC cells and HK2 cells was evaluated by colony formation assay. E, I The influence on cell migration and invasion abilities of 
RCC cells and HK2 cells was assessed by transwell migration and matrigel invasion assays. J Luciferase reporter assay in HEK293T cells co‑transfected 
with miRNA mimics, psiCHECK‑2‑wild type EIF4EBP1 (EIF4EBP1‑wt) or psiCHECk‑2‑mutant type EIF4EBP1 (EIF4EBP1‑mut) plasmids. K Schematic 
of EIF4EBP1 wild‑type (wt) and mutant (mut) luciferase reporter vectors. L Western blot analysis indicated that miR‑125a‑5p could down‑regulate 
EIF4EBP1 expression in RCC cells; histogram for protein expressions among different groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001

(See figure on next page.)
Fig. 6 Down‑regulation of EIF4EBP1 suppresses proliferation, migration and invasion of RCC cells in vitro. A‑B Cell proliferation ability of 786‑O and 
CAKI‑1 cells transfected with EIF4EBP1 siRNAs was evaluated by CCK8 assay and colony formation assay. C Cell migration capability of 786‑O and 
CAKI‑1 cells transfected with EIF4EBP1 siRNAs was assessed by wound healing assays. D The influence on cell migration and invasion abilities of 
786‑O and CAKI‑1 cells transfected with EIF4EBP1 siRNAs was evaluated by transwell migration and matrigel invasion assay, respectively
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Fig. 6 (See legend on previous page.)
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circCHST15 attenuates the tumor‑suppressive effect 
of miR‑125a‑5p in ccRCC cells
Rescue experiments were performed in ccRCC cells 
co-transfecting circCHST15 and miR-125a-5p mimics, 
compared to cells transfected only with miR-125a-5p 
mimics. And it was observed that up-regulation of circ-
CHST15, to some extent, could antagonize the weak-
ened proliferation, migration and invasion abilities 
induced by miR-125a-5p in 786-O and CAKI-1 cells 
(Fig. 7A-C). On the other hand, downregulation of circ-
CHST15 also lessened the miR-125a-5p inhibitor-medi-
ated enhancement of migration and invasion in A498 
and HK2 cells (Fig.  7D–F). According to the results of 
gene set enrichment analysis (GSEA), there are two main 
downstream pathways of EIF4EBP1: the PI3K pathway 
and the Anastassiou multicancer invasiveness pathway 
(Fig. 8A,B). Western blot analysis indicated substantially 
decreased expression of EIF4EBP1, PCNA, N-cadherin, 
and vimentin after knockdown of circCHST15, whereas 
E-cadherin was upregulated (Fig.  8C,D). In addition, 
western blot analysis showed increased EIF4EBP1 levels 
in ccRCC cells co-transfected with miR-125a-5p mimics 
and circCHST15 compared to ccRCC cells transfected 

only with miR-125a-5p mimics (Fig. 9A,B). Collectively, 
these results suggest that circCHST15 promotes ccRCC 
cell progression partly through mitigating the tumor 
suppression activity of miR-125a-5p.

EIF4EBP1 weakens the tumor‑suppressive effect 
of miR‑125a‑5p in ccRCC cells
To establish whether miR-125a-5p exerts its anti-can-
cer effect in ccRCC cells through targeting EIF4EBP1, 
rescue experiments were performed by co-transfect-
ing EIF4EBP1 and miR-125a-5p mimics in ccRCC 
cells. We observed enhanced colony formation abil-
ity in ccRCC cells co-transfected with miR-125a-5p 
mimics and EIF4EBP1 compared to that of ccRCC 
cells transfected only with miR-125a-5p mimics, sug-
gesting that overexpression of EIF4EBP1 could partly 
rescue the reduced proliferative capacity phenotype 
induced by miR-125a-5p (Fig. S4B). Similarly, upregu-
lation of EIF4EBP1 partly attenuated the miR-125a-5p 
mimics-mediated suppression of migration and inva-
sion in 786-O and CAKI-1 cells (Fig. S4A, C). On the 
other hand, EIF4EBP1 downregulation attenuated 
the miR-125a-5p inhibitor-mediated enhancement 

Fig. 7 circCHST15 reverses the tumor‑suppressing effect of miR‑125a‑5p on RCC cells in vitro. A Colony formation assay indicated that cell 
proliferation ability of 786‑O and CAKI‑1 cells transfected with miR‑125a‑5p mimics was reversed when co‑transfected with circCHST15. B 
Wound healing assay indicated that cell migration capability of 786‑O and CAKI‑1 cells transfected with miR‑125a‑5p mimics was reversed when 
co‑transfected with circCHST15. C Transwell migration and matrigel invasion assays demonstrated that cell migration and invasion abilities of 786‑O 
and CAKI‑1 cells transfected with miR‑125a‑5p mimics were counteracted when co‑transfected with circCHST15. D‑F The cell proliferation ability, 
cell migration capability, cell migration and invasion abilities of A498 and HK2 cells transfected with miR‑125a‑5p Inhibitor were counteracted when 
co‑transfected with sh‑circCHST15
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Fig. 8 GSEA analysis and Western blot analysis. A‑B GSEA analysis in TCGA patients with high and low EIF4EBP1 expression. C‑D Western blot 
analysis indicated that circCHST15 promotes the ccRCC progression through PI3K‑AKT‑mTOR pathway. Histogram for protein expressions among 
different groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001
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of migration and invasion in A498 and HK2 cells 
(Fig. S4D–F). Western blot analysis indicated that 
the expression of EIF4EBP1, PCNA, N-cadherin, and 
vimentin protein was significantly decreased after 
knockdown of EIF4EBP1 or transfection with miR-
125a-5p mimics, whereas E-cadherin was upregulated 
(Fig.  9C,D). Western blot analysis also indicated that 
EIF4EBP1, PCNA, N-cadherin, and vimentin levels 
were partly increased in ccRCC cells co-transfected 
with miR-125a-5p mimics and EIF4EBP1 compared to 
ccRCC cells transfected only with miR-125a-5p mim-
ics (Fig. 9C,D). Collectively, these results suggest that 
miR-125a-5p suppresses ccRCC cell progression partly 
through targeting EIF4EBP1.

cirCHST15 promotes tumor growth and metastasis in vivo
To investigate the effect of circCHST15 on tumor growth 
in  vivo, 786-O cells stably transfected with sh-circ-
CHST15 or control vector were subcutaneously injected 
into BALB/c nude mice. Tumor growth was monitored 
weekly for 4 weeks, at which time the study was termi-
nated, and postmortem tumor assessments were per-
formed. Tumor volume and weight were significantly 
decreased in the circCHST15 knockdown group com-
pared to those of the vector group (Fig. 10A–D). Immu-
nohistochemical analysis showed that expression of 
EIF4EBP1, vimentin, and N-cadherin was decreased in 
tumors derived from circCHST15-depleted cells com-
pared to controls, whereas the E-cadherin expression 
level was markedly increased in circCHST15-depleted 
tumors (Fig. 10E).

To study the effects of circCHST15 knockdown in a 
model of ccRCC metastasis, we transfected firefly lucif-
erase into our 786-O cells previously engineered for 
xenograft studies, and those cells were injected into the 
tail vein of nude mice. In circCHST15-silenced tumors, 
bioluminescence in the lung was weak or undetectable, 
and, upon postmortem examination, the number of 
nodules of lung metastases were decreased compared 
to animals with circCHST15-proficient tumors, sug-
gesting that downregulation of circCHST15 suppresses 
lung metastasis of ccRCC in vivo (Fig. 10F–H). We also 
showed that miR-125a-5p mimics could rescue the effect 
of circCHST15 on renal tumor growth and metastasis 
(Figs. S5, S6).

Discussion
With the increasing application of bioinformatics analy-
sis and high-throughput sequencing, plenty of circRNAs 
were identified and proven to take an important role 
in the development and progression of various cancers 
[9, 10, 12, 14, 15, 26–29], including ccRCC [8, 10, 29]. 
However, the functions of circRNAs in ccRCC, and how 
they might be leveraged for clinical applications, remain 
largely unknown.

In this study, we identified a new circRNA, circ-
CHST15, originating from exons 3, 4, 5, 6, 7, 8, and 
9 of its host gene CHST15, which was upregulated in 
ccRCC cells and tissue. The existing literature sug-
gests that CHST15 exerts oncogenic effects in pan-
creatic cancer stroma [30, 31], esophageal cancer [32], 
breast cancer [33], and ovarian cancer [34]. Addition-
ally, these studies suggest that CHST15 can promote 
tumor progression by driving the proliferation and 
invasion of cancer cells, suggesting that high CHST15 
might be associated with poor prognosis. According 
to our study, it was concluded that silencing of circ-
CHST15 significantly suppressed the progression of 
ccRCC cells, whereas overexpression of circCHST15 
had the opposite effect. And it was increasingly implied 
that circRNAs act as miRNA sponges in many cancer 
development18,25,34, thereby regulating downstream 
target genes. For instance, Circular RNA circ-ZKS-
CAN1 inhibits bladder cancer progression through 
miR-1178-3p/p21 axis and acts as a prognostic fac-
tor of recurrence [35]. According to our study, it was 
concluded that silencing of circCHST15 significantly 
suppressed the progression of ccRCC cells, and overex-
pressed circCHST15 acts inversely. And it was increas-
ingly implied that circRNAs serve as miRNA sponges 
in cancer development [19, 26, 36], thereby regulat-
ing downstream target genes. For instance, circ-ZKS-
CAN1 inhibits bladder cancer progression through 
miR-1178-3p/p21 axis and acts as a prognostic factor 
of recurrence. Moreover, because circRNA is enriched 
in the cytoplasm, it was likely to play a role of ceRNA 
[9, 19, 37]. Our study confirmed that circCHST15 was 
mainly located in the cytoplasm through Cytoplas-
mic & Nuclear RNA Extraction assays and FISH assay. 
Besides, we performed RNA pull-down and dual-lucif-
erase reporter assays, the results showed that there is 
an interaction between circCHST15 and miR-125a-5p 

Fig. 9 A‑B Western blot analysis demonstrated that circCHST15/sh‑circCHST15 could counteract the influence of miR‑125a‑5p mimics/Inhibitor on 
EIF4EBP1, PCNA, Vimentin, E‑cadherin and N‑cadherin expression in RCC cells. C‑D Western blot analysis demonstrated that EIF4EBP1/sh‑EIF4EBP1 
could counteract the influence of miR‑125a‑5p mimics/Inhibitor on EIF4EBP1, PCNA, Vimentin, E‑cadherin and N‑cadherin expression in RCC cells. 
Histogram for protein expressions among different groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001

(See figure on next page.)
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Fig. 9 (See legend on previous page.)
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in ccRCC cells. Subsequently, the functional effects of 
miR-125a-5p were assessed by regulating its’ expres-
sion in ccRCC cells. It was showed that miR-125a-5p 
exerted an anti-tumor role in ccRCC cells. Additionally, 
overexpression of circCHST15 alleviated miR-125a-5p-
mediated suppression of cell proliferation, migration, 
and invasion in ccRCC cells. Taken together, circ-
CHST15 performed its’ biological function by interact-
ing with miR-125a-5p.

It was reported that miRNAs can bind to the 3′ UTR 
of target mRNAs to reduce expression level of this tar-
get gene [38]. And recently, it was indicated that circR-
NAs can regulate gene expression by directly binding 

to miRNAs to prevent them from interacting with tar-
get genes [8, 10, 28, 29, 37]. Our study identified that 
circCHST15 promoted ccRCC cells proliferation and 
metastasis through miR-125a-5p-mediated EIF4EBP1. 
Although EIF4EBP1 had been proven to act as an onco-
gene in some tumors [22–25], its biological effect in 
ccRCC has not been discovered. Thus, our study just 
delves into this in ccRCC cells.

Recent studies have indicated that circRNAs play a 
crucial role in the progression and prognosis of human 
cancer [36, 39], and the involvement of circRNAs in 
ccRCC has been investigated in several studies. For 
instance, circ-AKT3 inhibits ccRCC metastasis via 

Fig. 10 Knockdown of circCHST15 inhibits the growth and metastasis of RCC cells in vivo. A‑D 786‑O cells stably transfected with sh‑control or 
sh‑circCHST15 were injected subcutaneously into the left axilla of BALB/c nude mice. Tumor volume and weight were dramatically decreased 
in circCHST15 knockdown group. E HE staining and IHC analysis of EIF4EBP1, Vimentin, N‑cadherin and E‑cadherin expression in subcutaneous 
xenograft tumors. Knockdown of circCHST15 could up‑regulate E‑cadherin and down‑regulate EIF4EBP1, Vimentin and N‑cadherin expression. 
F Bioluminescence of the lung metastatic nodules was detected by an in vivo bioluminescence imaging system. G Representative images of HE 
staining analysis of the lung metastatic nodules in each group. H lung metastatic nodules were enucleated and measured. The numbers of lung 
metastatic nodules were significantly decreased in circCHST15 knockdown group. I Schematic diagram shows that circCHST15 promotes RCC cells 
proliferation and metastasis through miR‑125a‑5p/EIF4EBP1 axis
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altering miR-296-3p/E-cadherin signals, and patients 
with ccRCC with low circ- AKT3 had shortened sur-
vival [13]. circPTCH1 promotes RCC metastasis 
via the miR-485-5p/MMP14 axis and activation of 
the epithelial–mesenchymal transition process, and 
upregulated expression of circPTCH1 was positively 
correlated with advanced stage and worse survival in 
patients with ccRCC [11]. In our study, we showed that 
high expression of circCHST15 was associated with 
advanced pathological stage and poor survival, includ-
ing OS and PFS.

Conclusions
Our results showed that circCHST15 is an “oncogene” 
in ccRCC. Highly circCHST15 promote cell prolifera-
tion and metastasis through miR-125a-5p-mediated 
EIF4EBP1 (Fig.  10I). Our findings not only explain the 
mechanisms of circCHST15 in regulating ccRCC cells 
progression, but also provide a potential biomarker and 
therapeutic target for the management of ccRCC.
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and SYSU cohort. B,D: Kaplan‑Meier survival curve demonstrated that low 
EIF4EBP1 expression was correlated with low overall survival/progression‑
free survival of RCC patients in TCGA database and SYSU cohort.

Additional file 5: Figure S2. Comparison of the circCHST15 with other 
known clinical prognostic biomarkers:ROC analyses of different prognostic 

biomarkers. A,C based on patients’ OS B, D based on patients’ PFS. A‑B, To 
compare the circCHST15 with other known prognostic biomarkers. C‑D, To 
compare the circCHST15 with clinical prognostic score algorithm(SSIGN 
score).

Additional file 6: Figure S3. Norther blot, qRT‑PCR assay and RNA 
pull‑down assay were performed in ccRCC cells. A‑B, Norther blot of 
circCHST15 was provided to validate the existence of the endogenous 
circRNA. C, We took qRT‑PCR assay in HK2, 786‑O, CAKI‑1 and A498 to 
test the relative expression of four miRNAs. D, we still used the wildtype 
786‑O and CAKI‑1 cells to perform that the biotin‑labeled miR‑125a‑5p still 
capture the circCHST15.

Additional file 7: Figure S4. EIF4EBP1 reverses the tumor‑suppressing 
effect of miR‑125a‑5p on RCC cells in vitro. A. Colony formation assay 
indicated that cell proliferation ability of 786‑O and CAKI‑1 cells trans‑
fected with miR‑125a‑5p mimics was reversed when co‑transfected with 
EIF4EBP1. B. Wound healing assay indicated that cell migration capability 
of 786‑O and CAKI‑1 cells transfected with miR‑125a‑5p mimics was 
reversed when co‑transfected with EIF4EBP1. C. Transwell migration and 
matrigel invasion assays demonstrated that cell migration and invasion 
abilities of 786‑O and CAKI‑1 cells transfected with miR‑125a‑5p mimics 
were counteracted when co‑transfected with EIF4EBP1. D‑F. The cell 
proliferation ability, cell migration capability, cell migration and invasion 
abilities of A498 and HK2 cells transfected with miR‑125a‑5p Inhibitor 
were counteracted when co‑transfected with sh‑EIF4EBP1.

Additional file 8: Figure S5. circCHST15 reverses the tumor‑suppressing 
effect of miR‑125a‑5p on the growth of RCC cells(786‑O) in vivo. A‑D. 
These BALB/c nude mice were divided into four groups and were treated 
separately. Tumor volume and weight were dramatically decreased in 
agomir‑miR‑125a‑5p group. However, circCHST15 reverses the tumor‑
suppressing effect of miR‑125a‑5p on the growth of 786‑O cells in vivo.

Additional file 9: Figure S6. circCHST15 reverses the tumor‑suppressing 
effect of miR‑125a‑5p on the metastasis of RCC cells in vivo. A. Biolu‑
minescence of the lung metastatic nodules was detected by an in vivo 
bioluminescence imaging system. B. Representative images of HE staining 
analysis of the lung metastatic nodules in each group. C. lung metastatic 
nodules were enucleated and measured. The numbers of lung metastatic 
nodules were significantly decreased in agomir‑miR‑125a‑5p group. How‑
ever, circCHST15 reverses the tumor‑suppressing effect of miR‑125a‑5p 
on the metastasis of 786‑O cells in vivo. D. HE staining and IHC analysis of 
EIF4EBP1, Vimentin, N‑cadherin and E‑cadherin expression in subcutane‑
ous xenograft tumors. circCHST15 reverses the tumor‑suppressing effect 
of miR‑125a‑5p on the proteins’ expression of E‑cadherin, EIF4EBP1, 
Vimentin and N‑cadherin.
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