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Abstract: Objectives: Circular RNAs (circRNAs) are involved in carcinogenesis, though their expression profile in 
renal cell carcinoma (RCC) is uncharacterized. The tumor suppressor gene miR-145-5p is expressed in RCC tissues, 
but its relationship with circRNAs is unknown. Thus, we aimed to identify differentially expressed circRNAs in RCC 
tissues and to explore the interaction between these circRNAs and miR-145 in the development of RCC. Methods: 
We performed high-throughput sequencing and bioinformatics analyses to examine the expression pattern of cir-
cRNAs in RCC. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were 
used to functionally annotate differentially expressed circRNAs. Quantitative real-time polymerase chain reaction 
(qRT-PCR) was used for sequence verification. Small interfering RNAs were employed to investigate the function and 
mechanism of circRNAs in RCC. The relationship between miR-145-5p and circRNAs was confirmed using lucifer-
ase, RNA immunoprecipitation (RIP), and biotin-coupled probe RNA pull-down assays. Results: Fifty-three circRNAs 
were significantly and differentially expressed in RCC compared to normal control tissue. Bioinformatic analyses 
indicated that two significantly upregulated circRNAs, circ-AFF2 and circ-ASAP1, had sequences corresponding to 
miR-145 response elements. Consistently, the luciferase reporter, RIP, and biotin-coupled probe RNA pull-down as-
says showed that circ-AFF2 and circ-ASAP1 may repress miR-145 by acting as sponges. circ-AFF2 and circ-ASAP1 
were highly expressed in RCC patient-derived tumor samples; their overexpression correlated with poor prognosis 
and low miR-145 levels. Knockdown of circ-AFF2 or circ-ASAP1 in RCC cell lines inhibited proliferation, underscoring 
their oncogenic function. A circRNA-miRNA network was constructed for RCC using the differentially expressed cir-
cRNAs and projected miRNAs. Candidate genes were verified by RT-qPCR and western blot, indicating that circ-AFF2 
and circ-ASAP1 may be connected to RCC proliferation and metastasis. Conclusion: circ-AFF2 and circ-ASAP1 were 
upregulated in RCC and likely promote tumor progression by sponging miR-145. Therefore, both circRNAs should be 
investigated further as potential diagnostic and therapeutic targets for RCC.
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Introduction

Renal cell carcinoma (RCC) is the second most 
common urinary malignancy and it accounts for 
approximately 3% of all human carcinomas. An 
estimated 403,262 (2.2%) new cases of RCC 
were diagnosed and approximately 175,098 
(1.8%) RCC-related deaths were recorded 
worldwide in 2018 [1]. Approximately 25-30% 
of RCC cases are in advanced stages at the 
time of diagnosis, and 30% of patients with 
localized tumors eventually proceed to meta-

static disease or experience post-surgery recur-
rence [2]. Although numerous molecular target-
ed therapies have shown promising results in 
clinical trials, the prognosis of patients with 
advanced-stage RCC remains poor. Therefore, 
there is an urgent need to further elucidate the 
underlying mechanisms of RCC and explore 
novel prognostic biomarkers and therapeutic 
targets.

circRNAs are noncoding RNAs that have an 
eponymous closed-loop structure [3] formed by 
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the covalent joining of the 3’ and 5’ ends. cir-
cRNAs are more stable than linear RNAs 
because they lack the 5’-cap and 3’-polyadenyl 
tail structure [3, 4]. circRNA sequences contain 
microRNA (miRNA) response elements (MREs) 
through which they act as miRNA sponges and 
relieve the inhibitory effect of the latter on tar-
get mRNAs [5]. Several circRNAs have recently 
been identified as tumor suppressors or onco-
genes in several types of cancer, including 
prostate and breast [6, 7]. Thus, characteriza-
tion of circRNA-mediated regulatory pathways 
can provide additional insight into cancer 
mechanisms and assist in identifying novel 
therapeutic targets and prognostic indicators.

miRNAs are small, noncoding endogenous 
RNAs of approximately 22 nucleotides (nt) in 
length that bind to target mRNAs and inhibit 
gene expression and translation [8]. Recent 
studies have indicated that miRNAs play a sig-
nificant role in RCC progression [9]. For exam-
ple, we previously demonstrated that miR-145-
5p is significantly downregulated in RCC sam-
ples. Restoring miR-145-5p expression levels 
in RCC inhibited proliferation, migration, and 
invasion and enhanced apoptosis [10]. Recent 
evidence also indicates that miRNAs can be 
regulated by circRNAs [5].

In this study, the circRNA profiles of three RCC 
samples were analyzed via RNA sequencing 
(RNA-seq). circ-AFF2 and circ-ASAP1 were sig-
nificantly upregulated in RCC tissues compar- 
ed to normal renal samples. circ-AFF2 (hsa_
circ_0001947-circBase ID) results from retro-
splicing of AFF2 mRNA exon 3 on chromosome 
X: 47743428-147744289 and is 861 nt long. 
circ-ASAP1 (hsa_circ_0008934-circBase ID) 
results from the back-splicing of ASAP1 mRNA 
exons 9 to 14 on chromosome 8: 131164981-
131193126 and is 550 nt long.

The biological roles of circ-AFF2 and circ-ASAP1 
in RCC are largely unknown. We found that 
knocking down circ-AFF2 or circ-ASAP1 in RCC 
cell lines significantly inhibited their prolifera-
tion in vitro. Our molecular biology analyses fur-
ther revealed that circ-AFF2 and circ-ASAP1 
could act as miR-145 sponges in RCC cell lin- 
es. We constructed a circRNA-miRNA network 
to predict the potential functions of the RCC-
related circRNAs and their interactions with 
miRNAs. The subsequent analysis revealed 
that knocking down circ-AFF2 and circ-ASAP1 

diminished the expression of several genes 
involved in RCC growth and metastasis. Taken 
together, our data suggest that circ-AFF2 and 
circ-ASAP1 may act as oncogenes and could be 
used as novel RCC therapeutics.

Materials and methods

Tissue samples

This study was conducted following the approv-
al of the ethical board of the Shenzhen Hospital 
of Southern Medical University (SZYYEC2020- 
R001). All patients in this study provided writ-
ten informed consent. Thirty-one pairs with his-
tologically confirmed RCC (per World Health 
Organization criteria) and adjacent normal 
renal tissue specimens were obtained. All 
patients denied a history of chemotherapy, 
radiotherapy, or other cancers. Normal renal 
tissue was extracted from the edge of the 
tumors (>5 cm). Tumors were categorized fol-
lowing the Fuhrman system. All specimens 
were stored at -80°C until RNA extraction. 
Table 1 summarizes the clinicopathological 
characteristics of the patients.

Cell culture

ACHN and 786-O renal cell carcinoma cell lines 
were purchased from American Type Culture 
Collection (ATCC, USA). Cells were cultured at 
37°C under 5% CO2 in RPMI medium (Gibco, 
Carlsbad, CA) and augmented with 10% fetal 
bovine serum (FBS).

RNA isolation and RNA-seq

Total RNA was extracted from frozen RCC  
samples using the TRIzol method (Life Tech- 
nologies, Carlsbad, CA) and quantified using a 
NanoDrop spectrophotometer (Isogen Life 
Science). Samples with OD260/OD280 ratios from 
1.8 to 2.1 were used for further analysis. 
Sequencing of RNA was carried out by Bio- 
technologies Genesky Inc. (Shanghai, China). 
Briefly, after eliminating ribosomal RNAs using 
an EpicentreRibo-zeroTM rRNA Removal Kit 
(Epicentre Technologies, USA), the RNA librar-
ies were built using NEBNext® UltraTM as per  
the manufacturer’s instructions. PCR was per-
formed using Phusion High-Fidelity DNA Poly- 
merase, Index (X) Primer, and Universal PCR 
primers. To evaluate the quality of the library, 
PCR products were purified and examined 
using Agilent software (Bioanalyzer 2100).
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circRNA identification

circRNAs were identified using bioinformatics 
programs including CIRI2 (v2.0.6), CIRCexplo- 
rer2 (v2.3.3), MapSplice (v.2.2.1), circRNA_
finder (v.1.1), and find_circ (v.1.2). Gene anno-
tation (GENCODE v. 19) and reference genome 
(GRCh37.p13 version) were downloaded from 
the GENCODE database. After assessing the 
quality of the RNA-seq data using FastQC and 
removing low-quality reads, clean reads were 
obtained and mapped to the reference genome 
using the designated reads aligner.

circRNA profiling analysis

The identified circRNAs were compared with 
those in circBase (140,790 human circRNAs) to 
screen for novel circRNAs. The number of junc-
tion reads (back-spliced) for each circRNA was 
extracted and combined to quantify the over-
lapping circRNAs. The abundance of the cir-
cRNAs was assessed and scaled to reads per 
million mapped reads. Package R (DESeq2) 
was employed to identify the circRNAs that 
were differentially expressed in RCC samples 
with ≥2-fold changes; p-values ≤0.05 were con-
sidered statistically significant.

Gene ontology (GO) and Kyoto encyclopedia of 
genes and genomes (KEGG) analysis

The differentially expressed circRNAs were 
functionally annotated using KEGG (http://
www.genome.jp/kegg) and GO (http://www.
geneontology.org) analyses. GO terms related 
to biological process, cellular component, and 
molecular function were identified.

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Two upregulated circRNAs containing miR-145 
response elements were further validated by 
qRT-PCR. Total RNA was extracted from 31 RCC 
tissue samples and adjacent normal renal tis-
sue samples using TRIzol and reverse tran-
scribed using random primers and a Reverse 
Transcriptase Kit, M-MLV (Life Technologi- 
es). qRT-PCR was performed using Ex Taq™ II 
SYBR® Premix (Takara, Tokyo, Japan) on a Real-
Time PCR System (ABI 7500, Applied Biosy- 
stems, CA). GAPDH and small, U6 nuclear RNA 
were used as internal controls. Primers are pre-
sented in Table 2. Relative expression levels of 
the validated circRNAs are presented as 2-ΔΔCT.

Table 1. Patient characteristics
Variable Number of patients
Mean age (range), years 54 (24-70)
Sex (Male/Female) 20/11
Pathology
    Clear cell renal cell carcinoma 27
    Renal cell carcinoma associated with Xp11.2 translocation/TFE3 gene fusion 2
    Chromophobe renal cell carcinoma 2
Clinical Stage
    Stage I 27
    Stage II 1
    Stage III 2
    Stage IV 1
Tumor Stage
    T1a 18
    T1b 9
    T2 1
    T3 2
    T4 1
Fuhrman grade
    G1 2 (T1a)
    G2 16 (T1a), 9 (T1b), 1 (T3)
    G3 1 (T2b), 1 (T3), 1 (T4)
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RNase R treatment

RNA isolated from ACHN cells was treated for 
30 minutes at 37°C with 3 U/mg RNase R 
(Geneseed Biotech, Guangzhou, China). qRT-
PCR was used to assess the stability of cir-
cRNAs and their corresponding linear mRNAs.

Cell transfection and cell proliferation assays

Small interfering RNAs (siRNAs) targeting circ-
AFF2 and circ-ASAP1 were obtained from 
Geneseed. The miR-145-5p mimic and antago-
nist were manufactured by RiboBio (Guang- 
zhou, China). The siRNAs had the following 
sequences: si-circ-AFF2: CTCACATGCCACATA- 
CAAA and si-circ-ASAP1: TCACATGCCACATACA- 
AAA. RCC cells were transfected with the vari-
ous constructs using Lipofectamine 3000 
(Invitrogen, USA) as per the manufacturer’s 
instructions. The effects of the siRNA and 
miRNA mimics were validated via qRT-PCR. A 
CCK-8 test was used to calculate RCC cell pro-
liferation. Briefly, cells were cultured in 96-well 
plates for 24 hours before transfection; the 
CCK-8 reagent was added 0, 24, 48, and 72 
hours after transfection. Absorbance was mea-
sured using a microplate reader (Bio-Rad).

Luciferase reporter assay

The amplified circ-AFF2 or circ-ASAP1 wild-type 
(WT) or mutant (Mut) sequences were inserted 
between the XhoI-NotI restriction sites in the 
luciferase vector (psiCHECK™-2, Promega, 
Madison, WI). The miR-145-5p and reporter 
plasmid were co-transfected into RCC cells. 
Luciferase activities were measured 48 h after 
transfection using a Dual-Luciferase Reporter 
Assay System (Promega).

RNA immunoprecipitation (RIP) assay

According to the manufacturer’s instructions, 
RIP assays were performed using a Magna RIP 
RNA-binding protein immunoprecipitation kit 
(Merk-Millipore, Germany). After transfection 
with miR-145-5p mimics or the negative con-
trol, ACHN cells were lysed in RIP buffer. Cell 
lysates were treated at 4°C overnight with  
anti-Ago2 or IgG antibodies (Abcam, MA). qRT-
PCR was then performed to measure the 
enrichment of circ-AFF2 and circ-ASAP1.

Biotin-coupled probe RNA pull-down assay

RiboBio produced biotin-labeled circ-AFF2 and 
circ-ASAP1 probes. The probe sequences were 
as follows: circ-AFF2: ATCACCTTTGTTTGTTTC- 
ACTTGTTTGGAG; circ-ASAP1: TTCTCAATTTTT- 
GTATGTGGCATGTGAGATG; and negative con- 
trol: GGGCGATCGGTGCGGGCCTCTTCGCTATTAC. 
ACHN cells were lysed and sonicated. Lysates 
were treated overnight at 4°C with streptavidin-
coated magnetic beads (M-280, Invitrogen) and 
biotin-labeled probes. After washing the pull-
down complexes, total RNA was extracted and 
purified using TRIzol.

Western blotting analysis

A BCA assay kit (Thermo Scientific, MA) was 
used to extract and quantify protein. After SDS-
PAGE, equal amounts of protein were trans-
ferred to 0.22-m PVDF membranes at 250 mA 
for 120 minutes. Membranes were blocked 
with 5% BSA and treated overnight at 4°C with 
a primary antibody, followed by a secondary 
antibody. A Bio-Rad Chemical Doc XRS system 
was used to visualize the protein bands using 
an enhanced chemiluminescence kit (Millipore, 
Billerica, MA).

Table 2. qRT-PCR primers
Gene circBase ID Primer Type Primer Sequence (5’-3’) Product length
circ-AFF2 hsa_circ_0001947 Forward

Reverse
CCGGACATCTCACCAACACT
GCATCACCTTTGTTTGTTTC

164

circ-ASAP1 hsa_circ_0008934 Forward
Reverse

CATCTCACATGCCACATACA
CTTCCGCAATCTCAGCTCCT

102

AFF2 / Forward
Reverse

GGACTTGGAGCAGCAGTG
AAGCGTGTTCTGGACTCGG

184

ASAP1 / Forward
Reverse

TGACTAGCAAAACGCAGAACC
ACACACATTATATCCCCCTCC

152

GAPDH / Forward
Reverse

AGAAGGCTGGGGCTCATTTG
GCAGGAGGCATTGCTGATGAT

140
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circRNA-miRNA-target gene network

The upregulated circRNAs containing putati- 
ve miR-145 binding sites were screened  
using RegRNA2.0 (http://regrna2.mbc.nctu.
edu.tw) [11], circRNA Interactome (https:// 
circinteractome.nia.nih.gov/) [12], and StarBa- 
se (http://starbase.sysu.edu.cn) [13]. Target- 
scan (http://www.targetscan.org/vert_72) and 
MiRanda (http://www.microrna.org/microrna/) 
were used to predict the putative genes of the 
related miRNAs. The network of circRNA-miRNA 
target genes was constructed using Cytoscape 
software.

Statistical analysis

Paired and two-sided Wilcoxon rank-sum tests 
were used to compare differences between 
groups, and p-values with two-sided Wilcoxon 
rank-sum tests were used to compare the sig-
nificance of differentially expressed circRNAs 
which were assessed using receiver operating 
characteristic (ROC) curves, and the area under 
the curve (AUC) was calculated to determine 
the diagnostic/significance value of these cir-
cRNAs in RCC. All figures were plotted using 
GraphPad Prism (v8.2.1).

Results

circRNA profiles in RCC and adjacent normal 
tissues 

The circRNA expression profiles of RCC and 
adjacent normal tissues were obtained using 
RNA-seq. Tissue specimens from three clear 
cell RCC (ccRCC) patients (2 males and 1 fe- 
male; average age: 49±5.56 years) were ana-
lyzed. A total of 2821 circRNAs were detected 
in the RCC tissues, of which 1072 were novel 
(Figure 1A). The majority of circRNAs in the RCC 
samples were exonic (89.68%), 4.96% were 
intronic, and 5.35% were intergenic (Figure 1B).

These circRNAs were distributed across all 
chromosomes, of which chromosome 2 har-
bored the highest number of circRNAs at 286. 
In contrast, the Y chromosome contained only 
three circRNAs, which was significantly fewer 
than the other chromosomes (Figure 1C). cir-
cRNA lengths ranged from 78 nt to 17,0452 nt 
with an average length of 3049 nt. Most cir-
cRNAs were 200-600 nt in length (45.23%, 
Figure 1D). Except for the 161 circRNAs of 

unknown origin, the remaining 2660 circRNAs 
were derived from 1564 unique genes. Of 
these genes, 64.83% (1014/1564) generated 
only one circRNA, 18.93% (296/1564) gener-
ated two distinct circRNAs, 7.99% (125/1564) 
generated three circRNAs, and 8.25% generat-
ed four or more circRNAs (Figure 1E). The 
SLC26A7 gene produced the most distinct cir-
cRNAs with a total of 17.

Identification of differentially expressed cir-
cRNAs in RCC

RNA-seq analysis revealed a total of 4661 cir-
cRNAs, including 1504 in RCC tissues, 1840 in 
normal renal tissues, and 1317 in both tumor 
and non-tumor tissues (Figure 1F). Of the 1317 
circRNAs present in both tissue types, 53 were 
differentially expressed between the tissue 
types; 21 were significantly over-expressed and 
32 were under-expressed in the RCC tissues 
compared to the control renal tissues (P<0.05, 
fold-change >2.0) (Figure 1G). The top five over-
expressed and under-expressed circRNAs in 
RCC are provided in Table 3.

GO and KEGG analysis of differentially ex-
pressed circRNAs

To determine the functional role of the parent 
genes of these differentially expressed cir-
cRNAs, we performed GO and KEGG analyses 
to identify their enriched molecular functions, 
cellular components, biological processes, and 
signaling pathways. The top ten enriched GO 
entries are shown in Figure 2. The top three 
enriched molecular functions were phosphati-
dylinositol binding (GO:0035091), tetrapyrrole 
binding (GO:0046906), and modified amino 
acid binding (GO:0072341) (Figure 2A). The 
most highly enriched cellular components were 
clathrin-coated pit (GO:0005905), apical plas-
ma membrane (GO:0016324), and apical part 
of the cell (GO:0045177) (Figure 2B). The bio-
logical processes included response to organo-
phosphorus (GO:0046683), response to cAMP 
(GO:0071320), regulation of sodium ion trans-
port (GO:0002028), and cellular response to 
cAMP (GO:0071320), all of which were signifi-
cantly enriched in the RCC tissues (Figure 2C). 
The top ten enriched pathways identified by 
KEGG analysis (Figure 2D) included olfactory 
transduction, cGMP-PKG signaling pathway, 
apelin signaling pathway, purine metabolism, 
parathyroid hormone synthesis secretion and 
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action, glucagon signaling pathway, morphine 
addiction, renin secretion, cortisol synthesis 
and secretion, and ABC transporters.

Identification of circRNAs associated with miR-
145-5p

Previously, we identified that miR-145 is ex- 
pressed at lower levels in RCC samples than in 
control samples [10]. To identify the circRNAs 
that putatively bind to miR-145, we screened 
the StarBase, circRNA Interactome, and Reg- 
RNA2.0 databases to predict miRNA targets of 
differentially expressed circRNAs. Among the 
circRNAs expressed at higher levels in RCC tis-

sues, hsa_circ_0001947 (circ-AFF2) and hsa_
circ_0008934 (circ-ASAP1) harbored sequen- 
ces that perfectly matched the miR-145 re- 
sponse elements (Figures 3A and 4A).

Schematic illustrations of circ-AFF2 and circ-
ASAP1 derived from the AFF2 or ASAP1 genes 
are shown in Figures 3B and 4B. The 861-bp 
pre-mRNA of AFF2 contains only exon 3 and 
forms a closed loop that results in circ-AFF2. 
On the other hand, the pre-mRNA of ASAP1 
consists of six exons (14, 13, 12, 11, 10, and 9) 
and five introns (12, 11, 10, and 9), but circ-
ASAP1 includes only the six exons and no 
introns. The GC content and evolutionary con-

Figure 1. Circular RNA (circRNA) profile of renal cell carcinoma (RCC). A. The proportion of novel circRNAs among the 
identified circRNAs in RCC. B. Classification of circRNAs. C. Chromosomal distribution of circRNAs. D. circRNA length 
distribution. E. circRNA distribution per gene. F. Venn diagram illustrating differentially expressed circRNAs. G. Novel 
circRNA distribution in differentially expressed circRNAs.
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servation of the AFF2 and ASAP1 genes across 
100 vertebrate genomes are shown in box 1  
of Figures 3B and 4B. The back-splice sites of 
the circRNAs were verified by Sanger sequenc-
ing (box 2, Figures 3B and 4B). Furthermore, 
RNase R did not degrade circ-AFF2 or circ-
ASAP1 though AFF2 and ASAP1 mRNA levels 
were significantly reduced after RNase R treat-
ment (Figure 5A and 5B). Thus, circ-AFF2 and 
circ-ASAP1 are circular and are more stable 
than linear mRNAs.

Knockdown of circ-AFF2 and circ-ASAP1 inhib-
its the proliferation of RCC cells in vitro

To determine the pathological role of circ-AFF2 
and circ-ASAP1 in RCC, we synthesized specific 
siRNAs to target these circRNAs and verified 
their effectiveness by qRT-PCR. CCK-8 assays 
demonstrated the knockdown of circ-AFF2 or 
circ-ASAP1 in two RCC cell lines significantly 
decreased their proliferative rates (Figure 5C 
and 5D).

The inhibition of cell proliferation by circ-AFF2 
and circ-ASAP1 is reversed by knocking down 
miR-145

RCC cell lines were treated with a miR-145 
inhibitor and transfected with si-circRNA vec-
tors to determine if the proliferative effect of 
circ-AFF2 and circ-ASAP1 on RCC was depen-
dent on miR-145. The CCK-8 experiment 
revealed that suppressing miR-145 partially 
counteracted the loss of cell viability induced 
by the downregulation of circ-AFF2 and circ-
ASAP1 (Figure 5E and 5F).

circ-AFF2 and circ-ASAP1 act as sponges for 
miR-145-5p

To further elucidate the interaction of circ-AFF2 
and circ-ASAP1 with miR-145-5p, we cloned WT 
and Mut circ-AFF2 and circ-ASAP1 sequences 
into luciferase reporters. RCC cells were trans-
fected with the respective constructs and a 
miR-145-5p mimic. Luciferase activity was 
repressed by overexpression of miR-145-5p in 
cells expressing WT circ-AFF2 and WT circ-
ASAP1. However, this was not observed in  
cells expressing the mutant circRNAs (Figure 
6A and 6B). Furthermore, knockdown of circ-
AFF2 and circ-ASAP1 significantly increased 
miR-145-5p levels in ACHN and 786-O cells 
(Figure 6C). The Ago-RIP tests revealed direct 
connections between miR-145 and circ-AFF2 
and circ-ASAP1 (Figure 6D). Data from biotin-
coupled probe pull-down tests indicated that 
overexpression of circ-AFF2 and circ-ASAP1 
dramatically enriched miR-145 in RCC cells 
(Figure 6E). Taken together, circ-AFF2 and circ-
ASAP1 function as miR-145-5p sponges in 
RCC.

The regulatory potential of circ-AFF2 and circ-
ASAP1 in RCC

Using bioinformatics tools, we developed an 
interaction network of circRNA-miRNA-mRNA to 
examine the potential biological activities of 
circ-AFF2 and circ-ASAP1. The network includes 
9 miRNAs and 42 mRNAs as illustrated in 
Figure 7A. Because circ-AFF2 and circ-ASAP1 
are associated with RCC cell proliferation, we 
evaluated the expression of cell proliferation-
related genes in the above network after cir-
cRNAs were knocked out. ABCE1, SRGAP2, 

Table 3. Top five over-expressed and under-expressed circRNAs in RCC

circRNA ID circBase ID Gene Name Type Predicted 
length

Adjusted 
p-value Trend

1. chr15:57743698-57754090+ hsa_circ_0035435 CGNL1 exonic 600 0.0186 Down
2. chr6:51875107-51900519- none PKHD1 exonic 2654 0.0002 Down
3. chr1:59805630-59844509+ hsa_circ_0006633 FGGY exonic 353 0.0316 Down
4. chr10:17024483-17061982- none CUBN exonic 678 0.0014 Down
5. chr11:89088130-89135710- hsa_circ_0023982 NOX4 exonic 588 0.0015 Down
6. chr1:16891302-16893846- none NBPF1 exonic 515 0.0007 Up
7. chrX:147743429-147744289+ hsa_circ_0001947 AFF2 exonic 861 0.0077 Up
8. chr13:78133939-78171724+ none SCEL exonic 636 0.00086 Up
9. chr12:6688012-6690515- none CHD4 exonic 261 0.0011 Up
10. chr9:103261047-103279053+ hsa_circ_0004425 TMEFF1 exonic 364 0.0490 Up
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Figure 2. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of differentially expressed circRNAs. GO annotation of the 
differentially expressed circRNAs for (A) molecular function, (B) cellular components, and (C) biological process. The bar plots illustrate the top ten enriched terms 
of each category. (D) KEGG pathways of the differentially expressed circRNAs. The horizontal axis represents the RichFactor and the vertical axis represents the 
pathway name.
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FSCN1, VMP1, and HRNR expression levels 
were reduced after knockdown of circ-AFF2, 
whereas ABCE1, SRGAP2, FSCN1, and VMP1 
expression levels were reduced after circ-
ASAP1 knockdown (Figure 7B). As confirma-
tion, we examined the regulation of these genes 
at the protein level using western blot assays. 
The protein levels of ABCE1, SRGAP2, and 
FSCN1 were similarly reduced in RCC cells with 
circ-AFF2 or circ-ASAP1 knocked out (Figure 
7C).

Validation of circ-AFF2 and circ-ASAP1 expres-
sion levels in RCC tissues

To further verify the RNA-seq results, we mea-
sured the expression levels of circ-AFF2 and 
circ-ASAP1 in 31 pairs of RCC and adjacent nor-
mal renal tissue specimens by qRT-PCR. As 
shown in Figure 8A and 8B, circ-AFF2 and circ-

ASAP1 were more highly expressed in the RCC 
samples than in the control renal tissue sam-
ples (P<0.001). Moreover, miR-145 was signifi-
cantly downregulated in the RCC tissues com-
pared to the control tissues (Figure 8C).

circ-AFF2 and circ-ASAP1 are potential bio-
markers for RCC

We further evaluated the diagnostic value of 
circ-AFF2 and circ-ASAP1 for RCC by plotting 
ROC curves. circ-AFF2 had higher diagnostic 
accuracy than circ-ASAP1, with an AUC of  
0.747 (95% CI: 0.624-0.871, P<0.001, Figure 
8D); the sensitivity was 0.742, the specificity 
was 0.677, and the cutoff value was 0.089.  
For circ-ASAP1, the AUC was 0.632 (95% CI: 
0.492-0.771, P=0.0749) with a cutoff value of 
2.173, specificity of 0.871, and sensitivity of 
0.419 (Figure 8E).

Figure 3. Characteristics and schematic illustration of circ-AFF2. A. Annotation of the predicted binding site se-
quence between circ-AFF2 and miR-145. The “2D Structure” column displays the binding sequence of circ-AFF2 and 
miR-145. The “Local AU” column shows the upstream and downstream sequences of the seed sequence consist-
ing of 30 nucleotides. The “Position” column illustrates the possible position of miRNA response elements on the 
circRNA sequence. B. Characteristics and schematic illustration of circ-AFF2. Box 1-GC percentage and evolutionary 
conservation of AFF2 genes. Box 2-Specific back-splice site of circ-AFF2 as verified by Sanger sequencing.
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Discussion

Almost 98% of the human genome is tran-
scribed into noncoding RNAs [14], including 
miRNAs, long noncoding RNAs (lncRNAs), small 
nuclear RNAs (snRNAs), and circRNAs, that  
are not translated into proteins. Recent high-
throughput and bioinformatics techniques  
have uncovered several circRNAs that have 
potential roles and are expressed in multiple 
human malignancies, including RCC. Xue et al. 
established the circRNA expression profile of 
ccRCC through microarray analysis and found 
53 over-expressed and 30 under-expressed cir-
cRNAs in ccRCC [15]. Another study used RNA-
seq to identify 7335 differentially expressed 
circRNAs in RCC samples relative to control 
renal epithelial cells, including 1919 upregulat-
ed and 5416 downregulated circRNAs [14]. 
Here, we examined circRNA expression in RCC 
tissues and adjacent normal control tissues 

and identified 2821 circRNAs in RCC tissues, 
including 1072 that were novel. The majority of 
these circRNAs are exonic, contain 200- 
600 nt, and are ubiquitous across all chromo-
somes, with chromosome 2 producing the most 
circRNAs. Furthermore, 21 significantly over-
expressed and 32 under-expressed circRNAs 
were observed in RCC tissues.

circRNAs can regulate gene expression at mul-
tiple levels, including alternative splicing, 
miRNA maturation, transcription, RNA-protein 
binding, and translation. There is increasing 
interest in the “sponging” role of the circRNAs, 
in which they bind to specific miRNAs and 
relieve the inhibition of downstream target 
genes. By sponging miRNAs, circRNAs can reg-
ulate gene expression in cancer. For example, 
circ-AKT3 inhibits metastasis of ccRCC cells by 
altering the miR-296-3p/E-cadherin pathway 
[15]. Xiong et al. reported that circRNA-ZNF609 

Figure 4. Characteristics and schematic illustration of circ-ASAP1. A. Annotation of the predicted binding site se-
quence between circ-ASAP1 and miR-145. B. Features and schematic illustration of circ-ASAP1. Box 1-GC percent-
age and evolutionary conservation of ASAP1 genes. Box 2-Specific back-splice site of circ-ASAP1 as verified by 
Sanger sequencing.
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Figure 5. circ-AFF2 and circ-ASAP1 partially inhibit the proliferation of RCC cells in response to miR-145-5p. A, B. Relative expression levels of circ-AFF2, AFF2 mRNA, 
circ-ASAP1, and ASAP1 mRNA in ACHN cells after RNase R treatment. C, D. RCC cell growth patterns following transfection with si-circ-AFF2 or si-circ-ASAP1. E, F. 
RCC cell growth patterns after transfection with negative control (NC), si-circ, or si-circ+miR-inhibitor. *P<0.05, **P<0.001.
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could increase the proliferation and aggressive 
capacity of RCC cells by upregulating FOXP4 by 
sponging miR-138-5p [16]. Likewise, circ-TLK1 
also promotes the malignant potential of RCC 
cells by sponging miR-136-5p [14].

Since we previously demonstrated that miR-
145 is a tumor suppressor in RCC, we screened 
for circRNAs with miR-145 response elements. 
circ-AFF2 and circ-ASAP1 were significantly 
upregulated in RCC tissues and harbored 

Figure 6. circ-AFF2 and circ-ASAP1 serve as sponges for miR-145-5p in RCC cell lines. A. Relative luciferase activity 
in RCC samples transfected with circ-AFF2-WT or circ-AFF2-Mut and miR-NC (control) or miR-145-5p mimic; wild-
type and mutant sequences of the circ-AFF2 luciferase vectors. B. Relative luciferase activity in RCC samples trans-
fected with circ-ASAP1-WT or circ-ASAP1-Mut and miR-NC or miR-145-5p mimic; wild-type and mutant sequences of 
the circ-ASAP1 luciferase vectors. C. Quantitative real-time polymerase chain reaction (qRT-PCR) was used to deter-
mine the expression levels of miR-145-5p in RCC cells after transfection with miR-145 mimics, miR-145 inhibitor, 
si-circ-AFF2, si-circ-ASAP1, or controls. D. After miR-145 mimics and NC mimics were transfected into ACHN cells, 
anti-Ago2 RNA immunoprecipitation (RIP) assays were performed to measure circ-AFF2 and circ-ASAP1 expression 
levels. E. Using circ-AFF2 or circ-ASAP1-specific probes, miR-145 was recovered. *P<0.05, **P<0.001.
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Figure 7. circ-AFF2 and circ-ASAP1 regulatory mechanisms in RCC. A. The circRNA-miRNA-mRNA interaction net-
work. Both hsa_circ_0001947 (circ-AFF2) and hsa_circ_0008934 (circ-ASAP1) are represented by yellow circles. 
Green arrowheads represent the top nine miRNAs; target mRNAs are presented as red octagons. B. Various prolifer-
ation-related gene expression levels were examined by qRT-PCR in ACHN cells transfected with NC, si-circ-AFF2, or 
si-circ-ASAP1. C. Western blot analysis was used to determine the protein levels of ABCE1, SRGAP2, and FSCN1 in 
ACHN cells transfected with NC, si-circ-AFF2, or si-circ-ASAP1. *P<0.05, **P<0.001.
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sequences that bind to miR-145. circ-AFF2 
exerts pro-tumorigenic effects in gastric cancer 
[17] and anti-tumorigenic effects in non-small 
cell lung cancer [18] by regulating different 
miRNAs. Li et al. demonstrated that circ-ASAP1 
promotes the progression of liver cancer by 
modulating the axis of miR-1305/TMTC3 [19]. 
Another study showed that circ-ASAP1 in- 
creased the spread and migration of osteosar-
coma cells by miR-145-5p sponging resulting in 
the overexpression of E2F3 [20].

circ-AFF2 and circ-ASAP1 expression levels in 
RCC were validated through qRT-PCR and were 
inversely related to miR-145 expression. More- 
over, circ-AFF2 and circ-ASAP1 splicing sites 
and stability were verified using Sanger se- 
quencing and RNase R treatment, respectively. 
In vitro, knockdown of circ-AFF2 and circ- 
ASAP1 decreased RCC cell proliferation, where-
as knockdown of miR-145 mimicked the inhibi-
tory effect of the circRNAs resulting in RCC  
cell proliferation. In addition, a dual-luciferase 
reporter test revealed that both circRNAs inter-
act with miR-145-5p. RIP and RNA pull-down 
assays confirmed the miR-145 sponge function 
of circ-AFF2 and circ-ASAP1 in RCC.

We constructed a circRNA-miRNA-target gene 
network to explore possible mechanisms of 
circ-AFF2- and circ-ASAP1-induced RCC cell 
proliferation. Nine target miRNAs were identi-
fied including miR-145. mRNAs downstream of 
the nine miRNAs were also predicted. Follow- 
up experiments indicated that knocking down 
circ-AFF2 or circ-ASAP1 reduced the RNA and 
protein levels of the cell proliferation-related 
genes ABCE1, SRGAP2, and FSCN1. Therefore, 
circ-AFF2 and circ-ASAP1 may play a role in the 
formation of tumors and the development of 
RCC by sponging miR-145 resulting in overex-
pression of its downstream genes.

Because they are stable and resistant to degra-
dation by RNases, circRNAs are promising bio-
markers for many diseases, especially cancer, 
and the clinical relevance of several circRNAs 
has been reported in different carcinomas. For 
example, hsa_circ_0000190 is downregulated 
in both the tumor tissues and plasma of 

patients with gastric cancer. In addition, hsa_
circ_0000190 exhibits better sensitivity and 
specificity for diagnosing gastric cancer than 
CA19-9 and carcinoembryonic antigen (CEA) 
[21]. Li et al. found that high expression levels 
of circ-PDE8A in pancreatic tumors correlate 
significantly to T and TNM stages and lymphatic 
invasion. Furthermore, circ-PDE8A modulates 
the miR-338/MACC1/MET pathway in pancre-
atic cancer cells, resulting in increased migra-
tion, invasion, proliferation, and epithelial-mes-
enchymal transition (EMT) [22]. circPVT1 is 
similarly elevated in tumor tissues and sera of 
osteosarcoma patients and is associated with 
pulmonary metastasis, chemoresistance, and 
advanced Enneking stage. The AUC for circ- 
PVT1 in ROC analysis was 0.871, indicating its 
diagnostic potential in osteosarcoma [23]. 
Here, the AUC values of circ-AFF2 and circ-
ASAP1 were 0.747 and 0.632, respectively. 
Thus, circ-AFF2 is a better diagnostic biomark-
er of RCC than circ-ASAP1.

In this study, we elucidated the circRNA profile 
of RCC and identified circ-AFF2 and circ-ASAP1 
as potential oncogenes that function by spong-
ing miR-145. In addition, both circRNAs are 
potential diagnostic biomarkers for RCC, which 
is consistent with previous reports on the diag-
nostic value of aberrantly expressed circRNAs. 
Our findings offer insights into circRNA-miRNA 
interactions in RCC, although the precise role  
of the circ-AFF2/circ-ASAP1/miR-145 axis in 
RCC development requires further study. 
Moreover, the molecular mechanisms and 
function of circ-AFF2 and circ-ASAP1 in RCC 
progression also warrant further investigation.
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