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Background: Circular RNAs (circRNAs) are novel clusters of endogenous noncoding 
RNAs (ncRNAs) that are involved in the regulation of multiple biological processes in 
diverse types of cancers. However, the roles and precise mechanisms of circRNAs in renal 
cell carcinoma (RCC) occurrence and progression have not been clearly elucidated.
Methods: We identified the aberrantly expressed circRNAs in RCC by high-throughput 
RNA-seq assay and used qRT-PCR to test the expression level of circRNAs in RCC tissues. 
Loss-of-function experiments were executed to detect the biological roles of circPDK1 in the 
RCC cells both in vivo and in vitro. RNA Fish, luciferase reporter assays and Western 
blotting were used to explore the molecular mechanism of circPDK1 function. All data were 
expressed as the means ± standard error of the mean (SEM). Student’s t-test, one-way 
ANOVA, Cox regression, an LSD-t-test, Pearson’s chi-squared test, a Log-rank test, and 
linear regression analyses were used to evaluate the group differences. P < 0.05 was con-
sidered significant.
Results: CircPDK1 was overexpressed in RCC tissues and positively associated with patient 
tumor metastasis and renal cell invasion. The in vivo functional assays also revealed that 
circPDK1 drove RCC xenograft metastasis. CircPDK1 was mainly located in the cytoplasm, 
serving as a sponge of miR-377-3P to regulate RCC invasion and metastasis through 
NOTCH1 (Notch Homolog 1). Ectopic express of NOTCH1 in RCC cell lines will block 
the metastasis inhibition effect after circPDK1 knockdown.
Conclusion: CircPDK1 is aberrantly expressed in RCC and promotes the metastasis of RCC 
cells mainly through sponging miR-377-3P and reducing its negative regulation of NOTCH1. 
Thus, circPDK1 may act as a therapeutic target and biomarker for RCC.
Keywords: circPDK1, miR-377-3P, NOTCH1, renal cell carcinoma, metastasis

Introduction
Renal cell carcinoma (RCC) is the most common form of kidney cancer, accounting 
for 90% of all tumors and more than 140,000 related deaths worldwide each year,1,2 

with clear cell renal carcinoma (ccRCC) accounting for more than 90% of these 
deaths.3 With improvements in examination and treatment methods, the 5-year 
survival rate of RCC has been greatly improved, exceeding 70%. However, once 
tumor metastasis has occurred in the lungs, bones, brain, liver or other organs, the 
5-year RCC survival rate drops dramatically. Therefore, metastatic RCC is con-
sidered one of the most malignant types of tumors.4,5 Furthermore, the proportion 
of adolescents with RCC metastasis is significantly higher than that observed in the 
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general population.5 The treatments for distant metastases 
in RCC patients include immunotherapy with interleukin-2 
and interferon-α, but clinical studies have shown that only 
13% of patients experience complete or partial remission.6 

Although targeting the vascular endothelial growth factor 
(VEGF)/PDGFR/mammalian target of rapamycin (mTOR) 
pathways has provided new therapeutic strategies for RCC 
metastases, the associated side effects and limited sus-
tained response rates remain an urgent problem.6 Thus, 
the treatment of metastatic RCC faces enormous chal-
lenges, and the search for the mechanisms and treatments 
of metastatic RCC is one of the most important issues in 
RCC treatment.

Circular RNAs (circRNAs) were recently discovered as 
a class of widely expressed noncoding RNA,7 and they 
have been shown to be involved in gastrointestinal tumors, 
malignant melanoma, nasopharyngeal carcinoma, bone 
tumor, myocardial fibrosis, bone differentiation and many 
other tumor types and biological processes.8–14 Because of 
their ring-like structure and lack of a 5ʹ to 3ʹ polarity, 
circRNAs typically have a relatively stable structure, but 
their functions show some differences with those of other 
noncoding RNAs.15 A growing number of studies have 
shown that cytoplasmic circRNAs primarily act through 
the adsorption of microRNAs (miRNAs) through 
a sponging mechanism, where the adsorption of miRNAs 
by circRNAs limits the ability of the former molecules to 
bind to the 3ʹUTR of messenger RNA (mRNA).16

MiRNAs are single-stranded ncRNAs of approxi-
mately 19–25 nucleotides in length that are involved in 
post-transcriptional regulation by binding the 3ʹUTR of 
mRNAs.17 As a newly identified non-coding RNA, 
miRNAs have been shown to play important roles in the 
progression of various types of tumors. MiR-377-3P is 
a newly identified miRNA that has been shown to inhibit 
the progression of ovarian cancer, colorectal cancer, cervi-
cal carcinoma, and glioma.18–21 However, its role in renal 
cell carcinoma remains unclear.

Notch Homolog 1 (NOTCH1) is one of four Notch 
protein-encoding genes, and it has been shown to be 
involved in the differentiation and proliferation of various 
tumors, including cervical, colon, head and neck, lung, 
renal, and breast cancer.22–25 The Notch pathway is one 
of a number of conserved signal transduction pathways 
that typically transmit signals from the cell surface by 
physically binding cognate ligands. Notch1 is overex-
pressed in renal cancer, and it promotes the proliferation 
and metastasis of kidney cancer cells. In addition, the 

expression level of Notch1 is significantly correlated with 
the poor prognosis of renal cancer, and it may function 
through cell cycle pathways or PI3K/Akt signaling.26,27 

Furthermore, studies have shown that tumor-educated 
B cells can promote renal cancer metastasis by inducing 
IL-1β/HIF-2α/Notch1 signaling.28

Only a few studies have investigated the functions of 
circRNAs in the kidneys, especially with respect to 
RCC.29–31 In the present study, we performed circRNA 
sequencing (circRNA-seq) and identified many differen-
tially expressed circRNAs, including circRNA12132, 
circRNA2976, circRNA1526 and circRNA2326. In addi-
tion, we analyzed the enrichment of circRNAs in RCC 
through functional and pathway analyses to identify the 
potentially important mechanisms through which 
circRNAs are involved in the development and migration 
of RCC. We identified a novel circRNA, circPDK1 
(circRNA12132), which was significantly upregulated in 
RCC, and observed that it could sponge miR-377-3P and 
prevent its association with NOTCH1 mRNA to regulate 
RCC cell invasion and migration. Taken together, the 
results of the present study suggest that targeting 
circPDK1 may offer a novel therapeutic strategy for 
RCC patients.

Patients and Methods
Patients and Renal Tissues
All fresh-frozen RCC tissues and para-tumor tissues were 
collected from patients who underwent renal tumor resec-
tion surgery in the First Affiliated Hospital of Zhengzhou 
University from January 2010 to December 2019. All 
tumor tissues passed the neuropathological criteria of hav-
ing >80% tumor nuclei and <50% necrosis, and the final 
histological diagnosis was made on formalin-fixed, paraf-
fin-embedded tissue samples based on hematoxylin and 
eosin (H&E) staining and immunochemistry results. 
Among these samples, we used a cohort of five patients 
(RCC and paratumor tissues) to screen the differential 
expression of circRNAs, and 30 pairs of tissues were 
analyzed by quantitative reverse transcription PCR (RT- 
qPCR) to verify the expression of circPDK1. In addition, 
the circPDK1 levels in all 60 patients were analyzed to 
assess its functional relationship with clinical features. All 
patients provided informed consent in accordance with the 
ethical guidelines of the First Affiliated Hospital of 
Zhengzhou University. The study was approved by the 
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Ethics Committee of the First Affiliated Hospital of 
Zhengzhou University (2019-KY-240).

Cell Culture and Cell Lines
The RCC cell lines 786–0, 769-P, and ACHN and the 
normal kidney cell lines HK-2 and 293T were purchased 
from the culture collection of the Chinese Academy of 
Sciences (Shanghai, China). The 786–0 and 769-P cells 
were maintained in RPMI-1640 medium supplemented 
with 10% fetal bovine serum (Gibco, USA) and 1% peni-
cillin/streptomycin (Sigma, USA). ACHN cells were 
maintained in MEM supplemented with 10% fetal bovine 
serum (Gibco, USA) and 1% penicillin/streptomycin 
(Sigma, USA). HK-2 cells were maintained in keratino-
cyte medium (ScienCell, USA) supplemented with 1% 
keratinocyte growth supplement (ScienCell, USA) and 
1% penicillin/streptomycin (ScienCell, USA). The 293T 
cells were maintained in DMEM supplemented with 10% 
fetal bovine serum (Gibco, USA) and 1% penicillin/strep-
tomycin (Sigma, USA). All cells were cultured in the 
incubator under an atmosphere with 5% carbon dioxide 
at 37°C.

CircRNA-Seq
Total RNA was extracted using TRIzol reagent 
(Invitrogen, USA) following the manufacturer’s proce-
dure. The total RNA quantity and purity were analyzed 
using a Bioanalyzer 2100 and an RNA 6000 Nano 
LabChip Kit (Agilent, USA) with an RIN number of 
>7.0. Approximately 10 µg of total RNA from each 
sample was treated using an Epicenter Ribo-Zero Gold 
Kit (Illumina, San Diego, USA) to remove ribosomal 
RNA prior to the construction of the RNA-seq libraries. 
Then, the rRNA-depleted RNA was fragmented into 
small pieces using divalent cations under elevated tem-
perature. The cleaved RNA fragments were then reverse 
transcribed to create the final cDNA library following 
the protocol for the TruSeq Stranded Total RNA HT 
Sample Prep kit (Illumina, San Diego, USA), and the 
average insert size for the paired-end libraries was 300 
bp (±50 bp). Then, we performed paired-end sequencing 
on an Illumina X Ten at LC Bio, China following the 
vendor’s recommended protocol. Raw data were normal-
ized using the quantile algorithm and the limma 
packages in R, and we used Poisson distribution to 
determine the read number for specificity to identify 
the specific circRNAs in each cancerous aged-matched 
normal tissue.

CircRNA-Seq Data Analysis
First, Cutadapt (v1.9) was used to remove the reads that 
contained adaptor contamination, low-quality bases and 
undetermined bases. Then, the sequence quality was ver-
ified using FastQC (http://www.bioinformatics.babraham. 
ac.uk/projects/fastqc/). We used HISAT2 to map reads to 
the genome of (species). The remaining reads (unmapped 
reads) were then mapped to the genome using tophat- 
fusion (v2.0.10). CIRCExplorer was first used to assemble 
de novo the mapped reads to circRNAs, after which back- 
spliced reads were identified in the unmapped reads using 
tophat-fusion and CIRCExplorer. All samples generated 
unique circRNAs, and the differentially expressed 
circRNAs with log2 (fold change) >1 or log2 (fold 
change) <-1 and statistical significance (p value< 0.05) 
were selected by R package-edgeR.

Quantitative Reverse Transcription PCR 
Analysis
Total RNA was extracted from tissues with TRIzol Reagent 
(TaKaRa, Japan) according to the manufacturer’s protocol. 
The isolated RNA was then transcribed into cDNA using 
a reverse transcription kit (TaKaRa, Japan). RT-qPCR was 
performed to quantify the RNA expression using the standard 
protocol with an SYBR Green PCR kit (Roche, USA) on the 
StepOne plus RT-qPCR System (ABI, USA). All PCR primers 
were purchased from RiboBio Co., Ltd. (Guangzhou, China) 
(primer list in Supplementary Table S1). The PCR thermo-
cycling program was as follows: 95°C for 30 s followed by 
40 cycles of 95°C for 5 s and 60°C for 30 s. Each sample was 
analyzed in triplicate, and the relative expression was calcu-
lated using the 2−ΔΔCt method relative to that of GAPDH.

Fluorescence in situ Hybridization (FISH)
To determine the circPDK1 distribution in RCC cells, we 
designed a FISH assay to detect these molecules in 786–0 
and ACHN cells. A FISH-specific circPDK1 RNA probe 
(RiboBio Co., Ltd., China) was labeled with CY3 (sequence 
in Supplementary Table S1), and we used U6 and 18S as 
references for nuclear and cytoplasmic localization, respec-
tively. The cell slides were placed on the bottom of a 24-well 
plate, and the appropriate number of cells (6×104 cells/well, 
the cell fusion degree was 60–70% before the experiment) 
was incubated; then, the cells were washed with 1× PBS and 
fixed with 4% paraformaldehyde for 10 min at room tem-
perature. After the cells were washed with 1× PBS, 200 µL of 
prehybridization solution (mixed with blocking solution and 
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prehybridization buffer at a ratio of 1:99) and 2.5 µL of 
20 µM FISH Probe Mix or internal reference FISH Probe 
Mix was added. After the prehybridization solution was 
discarded, an appropriate amount of hybridization solution 
containing the probe was added, and the samples were hybri-
dized overnight at 37°C and protected from light. The slides 
were washed with washing solution and 1× PBS the next day 
and then stained with DAPI staining solution for 10 min 
before mounting. Images were obtained using a laser scan-
ning confocal microscope (Leica, Germany) at 400× 
magnification.

MTT (3-(4,5-Dimethylthiazol-2-Yl)- 
2,5-Diphenyl Tetrazolium Bromide) Assay
An MTT kit was purchased from RiboBio Co., Ltd. 
(Guangzhou, China). After the cells were seeded and grown 
in 96-well plates for 24 h with 200 µL medium, 10 µL of MTT 
reagent was added to each well at the appropriate concentra-
tion. The absorbance at 0, 24, 48, 72, and 96 h at 469 mm was 
measured by a microplate reader.

Cell Migration and Invasion Assay
BD Matrigel and serum-free medium were diluted and mixed 
at a ratio of 1:8, and 80 µL of the mixture was pipetted into 
the upper chamber of a Transwell plate and placed in an 
incubator for at least 2 h for the Matrigel invasion assay. 
RCC cell suspensions of 2.5 × 105 cells/mL were seeded into 
the Transwell plate (for the migration assay without BD 
Matrigel in the plate), and the chamber was placed on the 
plate. Then, 500 µL of complete medium containing 20% 
FBS was added to the Transwell plate. Then, the plate was 
cultured in a CO2 (5%) incubator at 37°C for 24 h, after 
which the cells were stained with crystal violet for 10 min. 
Images were obtained using a microscope (Leica, Germany).

Wound-Healing Assay
RCC cells were seeded into 6-well plates at a density of 
80–90% and then scratched perpendicularly to the bottom 
of the plate. After washing with PBS and adding serum- 
free medium, the plates were cultured in a 37°C incubator 
under an atmosphere with 5% CO2 and were imaged at 
specific times.

Flow Cytometry Assay for Apoptosis and 
Cell Cycle Analysis
An Annexin V-FITC PI Apoptosis Detection kit and a Cell 
Cycle Detection kit were purchased from Solarbio 

(Beijing, China). The 786–0 and ACHN cell lines were 
transfected with plasmid for more than 48 h and then 
stained with Annexin V-FITC/PI for cell apoptosis follow-
ing the manufacturer’s instructions. Subsequently, images 
were obtained by flow cytometry (Leica, Germany) and 
analyzed with ModFit LT.

In vivo Mouse Experiments
The in vivo assay was approved by the Animal 
Management Committee of the First Affiliated Hospital 
of Zhengzhou University, and all experimental procedures 
and animal care were performed in accordance with the 
Institutional Ethics Guidelines for Animal Experiments. 
Six-week-old male BALB/c nude mice were purchased 
from Charles River Laboratories (Beijing, China). 
CircPDK1-OE or the control vector was stably transfected 
into 786–0 cells that were harvested until the total cell 
number was approximately 1×106. The mice were divided 
into two groups, and the cells were injected into the tail 
vein of each mouse in the two groups (10 mice per group). 
One month later, the mice were sacrificed, their lung 
tissues were removed and fixed with paraformaldehyde, 
and the number of metastatic nodules in the lung tissue 
was counted. All animal studies were approved by the 
Institutional Animal Care and Use Committee of the 
First Affiliated Hospital of Zhengzhou University.

RNA-Seq
RNA was extracted from the sh-circPDK1, sh-control 
786–0 and ACHN cell lines using the previously described 
circRNA extraction procedure. RNA-seq was performed at 
Novogene Co., Ltd. (Beijing, China). Raw data were nor-
malized using the Quantile algorithm and limma packages 
in R. The differentially expressed mRNAs with log2 (fold 
change) >1 or log2 (fold change) < −1 and with statistical 
significance (p value< 0.05) were selected using the 
R package Ballgown.

Western Blotting
The cells were lysed using RIPA buffer, and the super-
natant was collected after the samples were centrifuged. 
Then, the protein concentration was measured using a DC 
protein detection kit. After the protein was detached from 
the fillister and transferred to a PVDF membrane, it was 
incubated with a primary antibody overnight following 
blocking for 1 h with 5% (5 g/100 mL) nonfat dry milk 
(Bio-Rad, USA). Subsequently, after incubating with an 
HRP-conjugated secondary antibody for 1 h, the 
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membranes were incubated with ImmobilonTM Western 
Chemiluminescent HRP Substrate (Millipore) and then 
imaged. β-Tubulin was used as a control, and the primary 
antibodies used were anti-NOTCH1 (#3608, Cell Signaling 
Technology) and anti-β-Tubulin (#2128, Cell Signaling 
Technology).

Luciferase Reporter Assays
The potential interactions between circPDK1 and miR- 
337-3P or miR-337-3P with NOTCH1 were predicted 
with the circRNA-seq data. Using pSI-Check2 as 
a template, we constructed hsa-NOTCH1-3ʹUTR-wt, hsa- 
NOTCH1-3ʹUTR-mu, hsa-circPDK1-wt and has-circPDK1 
-mu plasmids and transfected them into 293T cells. Then, 
a Promega Dual-Luciferase System (Hanbio Co., LTD., 
China) was used to detect the Renilla luciferase signal 
for the different groups, which can reflect the interaction 
between miR-377-3P and circPDK1 or NOTCH1.

Statistical Analysis
The data are presented as the means ± standard error of the 
mean (SEM), and they were analyzed using GraphPad Prism 
8.0 (La Jolla, USA) and IBM SPSS Statistics 20.0 (IBM, 
USA). A Student’s t-test, one-way ANOVA, Cox regression, 
an LSD-t-test, a Pearson’s chi-squared test, a Log-rank test, 
and linear regression analyses were used to evaluate the 
differences between and among groups. P < 0.05 was con-
sidered significant.

Results
CircRNA Expression Profile Analysis
To identify the circRNAs associated with RCC, we acquired 
five pairs of RCC tissues and paired paratumor tissues and 
performed a circRNA-seq analysis. We identified 201,821 
circRNAs, 2176 of which exhibited differential expression 
between the RCC and normal tissues (fold change>2.0, 
P<0.05). Among these differentially expressed circRNAs, 
1127 were upregulated and 1048 were downregulated in 
cancer tissues (Supplementary Table S5); each differen-
tially expressed circRNA is displayed as a red dot in the 
volcano plot and as either a red or green dot in the scatter 
plot (Figure 1A and B). The top 100 differentially expressed 
circRNAs are shown separately in the heat map (Figure 1C). 
We used the R package ggplot2 and local Perl scripts to 
analyze the statistical enrichment OD of the host genes of 
the differentially expressed protein-coding transcripts for 
the Gene Ontology (GO) terms and Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathway analysis (Figure 1D 
and E). To confirm the expression of circRNAs and the 
RNA-seq data, RT-qPCR analysis was performed for 
the top 20 circRNAs with the greatest change from the 
circRNA-seq results (Supplementary Table S2). The RT- 
qPCR results were consistent with the RNA-seq data, con-
firming that the circRNA-seq data were reliable. Among 
these circRNAs, a large magnitude of fold change was 
observed for many circRNAs, such as circRNA12132, 
circRNA2976, circRNA1526 and circRNA2326 (Figure 
1F–I). Additional circRNA expression data are shown in 
Supplementary Table S2 and Supplementary Table S5.

Upregulated CircPDK1 Correlated with 
RCC Metastasis and Primarily Located in 
the Cytoplasm
Among the identified circRNAs, we selected circPDK1 
(circ12132) for further study because it has the most sig-
nificant upregulation among the target circRNAs. 
CircPDK1 contains five exons (from the second to sixth 
exon) derived from the PDK1-201 transcript (Transcript 
ID: ENST00000282077.7) (Figure 2A, Supplementary 
information 1). We designed primers to amplify the circu-
lar junctions, and RT-qPCR was performed to further 
validate the expression of circPDK1 in 30 pairs of RCC 
tissues and paratumor tissues. The results showed that 
circPDK1 was significantly overexpressed in 24 pairs of 
tumor tissues (Figures 1F and 2B), whereas no differences 
in the expression of its host gene PDK1 were observed in 
these 30 pairs of tissues (Figure 2C). These results are 
consistent with those of the RNA-seq analysis, indicating 
that the expression of circPDK1 is elevated in RCC tumor 
tissues. The same results were also observed when com-
paring the renal tumor cell lines 786–0, 769-P, and ACHN 
with the normal kidney cell line HK-2, revealing that 
circPDK1 was overexpressed in the tumor cell lines 
(Figure 2D). The correlation analysis of 60 pairs of clinical 
tissue samples showed a significant correlation between 
circPDK1 and lymph node metastasis and other organ 
metastasis of RCC; meanwhile, no significant correlation 
was observed between tumor growth and age, sex or other 
factors. These results showed that high expression of 
circPDK1 may play an important role in renal tumor 
metastasis (Table 1, Supplementary Table S3). RNase 
R treatment could dramatically reduce the PDK1 levels 
but not the circPDK1 levels, indicating that circPDK1 is 
a non-linear RNA (Figure 2E). Plasmids were packaged 
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Figure 1 CircRNA expression profile analysis for RCC. (A) Five pairs of RCC and paired paratumor tissues (PC) were used in the circRNA-seq assays to identify 
differentially expressed circRNAs in RCC. CircRNAs with significant changes are displayed as red dots in the volcano plot. (B) The circRNA-seq results are shown 
in the scatter plot, where the upregulated and downregulated circRNAs are displayed as red and green dots, respectively. (C) The top 100 differentially expressed 
circRNAs are displayed in the heat map, and the fold changes are indicated by a gradual change in color from red to green. (D) A GO analysis was performed by 
analyzing the enrichment OD of differentially expressed protein-coding transcripts (P<0.05). The top 20 enriched biological processes, cellular components and 
molecular functions are displayed in the scatter plot, where the size of the circle indicates the number of enriched genes, and the gradual changes from cold to 
warm colors indicates the P value. (E) A KEGG analysis was performed by analyzing the enrichment OD of differentially expressed protein-coding transcripts 
(P<0.05). The top 20 enriched pathways are displayed in the scatter plot, where the size of the circle indicates the number of enriched genes, and the gradual 
changes from cold to warm colors indicates the P value. (F–I) RNA was extracted from 30 pairs of RCC and paratumor tissues and reverse transcribed into the 
cDNA library. The RT-qPCR results for 4 circRNAs from 20 randomly selected circRNAs from the RNA-seq results are shown in the scatter plot.
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Figure 2 Upregulated CircPDK1 correlated with RCC metastasis and primarily located in the cytoplasm. (A) The pattern diagram depicts the relationship between circPDK1 and PDK1. 
The line graph represents the PDK1-201 transcript, where boxes of different colors represent different exons. The ring diagram represents the structure of circPDK1, and the boxes of 
different colors represent exons corresponding to the PDK1-201 transcript. (B) The RT-qPCR results from 30 pairs RCC and paratumor tissues are shown in the column table. The 
Y-axis value represents the log2 ratio of circPDK1 expression in RCC tissues compared with that observed in the matched paratumor tissues. The red column represents high circPDK1 
expression in tumor tissues, and the green column represents low circPDK1 expression in tumor tissues. (C) PDK1 expression in our selected 30 pairs RCC and paratumor tissues 
detected by using RT-qPCR. The data are presented as the means ± SD. n.s. indicates no significant difference (n=3). (D) RNA was extracted from 3 RCC cell lines and HK-2 cells, 
a normal renal cell line, and RT-qPCR was used to test the circPDK1 expression in these cell lines. Then, the circPDK1 expression was quantified in other cells using the HK-2 circPDK1 
expression level as a standard. The data are presented as the means ± SD. (n=3). (E) The relative expression of circPDK1 and PDK1 in 786–0 cells was measured by RT-qPCR upon RNase 
R treatment. n.s. indicates no significant difference. (n=3). (F and G) CircPDK1 was knocked down in 786–0 and ACHN cells. The level of circPDK1 and PDK1 expression was verified by 
RT-qPCR. The sh-NS (sh-Non Specific) vector plasmid-transfected group was used as the control group. n.s. indicates no significant difference. (n=3). (H and I) CircPDK1 was 
overexpressed in 786–0 and ACHN cells. The level of circPDK1 and PDK1 expression was verified by RT-qPCR. The blank vector plasmid-transfected group was used as the control group. 
n.s. indicates no significant difference. (n=3). (J and K) FISH images were taken using a confocal microscope. Red indicates the localization of the target gene circPDK1 or the reference 
gene U6 and 18S rRNA, whereas blue indicates DAPI staining for visualizing the nucleus.
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and transfected into 786–0 and ACHN cells to construct 
stable circPDK1 knockdown or overexpression cell lines, 
and RT-qPCR was used to test the transfection efficiency. 
The results showed that the level of circPDK1 expression 
was significantly decreased or overexpressed in 786–0 and 
ACHN knockdown or overexpression cell lines, whereas 
that of PDK1 was not significantly altered (Figure 2F–I). 
To investigate the localization of circPDK1 in renal tumor 
cells, we constructed a specific probe for Cy3-labeled 
circPDK1 and used 18S rRNA and U6 as nuclear and 
cytoplasmic reference genes, respectively. The results 
showed that circPDK1 was primarily enriched and loca-
lized in the cytoplasm of both 786–0 and ACHN cells 
(Figure 2J and K).

CircPDK1 Promotes RCC Cell Invasion 
and Metastasis
To evaluate the function of circPDK1 in RCC, we con-
structed stable circPDK1 knockdown 786–0 and ACHN 
cells via transfection with the TWO circPDK1 sh-RNAs 
combination. Wound-healing, migration and Matrigel inva-
sion assays were performed to investigate tumor cell inva-
sion and migration while MTT proliferation assays were 
performed to evaluate cell proliferation. Annexin V-PI 
staining and flow cytometric analyses were used to assess 
cell apoptosis. We observed that the migration and invasion 
abilities of RCC cells were significantly inhibited after 
knockdown of circPDK1 in both 786–0 and ACHN cell 
lines; meanwhile, the MTT proliferation assay and apopto-
sis assay results showed that circPDK1 did not greatly 
affect the proliferation and apoptosis of 786–0 and ACHN 
cell lines after silencing circPDK1 (Figure 3A–I). 
Furthermore, the effects of circPDK1 on tumor metastasis 
in vivo were evaluated in a tumor xenograft model by 
injecting 786–0 cells overexpressing circPDK1 or the vec-
tor control via the tail vein. The results indicated that 
circPDK1 overexpression significantly promoted metastatic 
lung tumors compared with that observed in the control 
group, suggesting that circPDK1 can promote RCC metas-
tasis (Figure 3J and K). To explore the potential mechanism 
associated with circPDK1 activity, we used sh-circPDK1 
and sh-non-specific (NS) cells to perform RNA-seq. The 
results of the GO and KEGG analyses showed that 
circPDK1 strongly regulated the processes associated with 
extracellular interstitial component matrix interactions with 
the receptor and extracellular components, which are highly 
involved in tumor metastasis. These results are also 

consistent with our clinical data and functional experimen-
tal results (Figure 3L and M; Table 1).

CircPDK1 Functions as Sponge for 
miR-377-3P in RCC Cells
Previous studies demonstrated that circRNAs act as miRNA 
“sponges” to regulate downstream target genes.32–34 We 
screened for miRNAs that were downregulated and signifi-
cantly changed in renal cell carcinoma and used TargetScan 
(http://www.targetscan.org/) and Miranda (http://www. 
mirdb.org/) to analyze the potential target miRNAs of 
circPDK1 (Supplementary Table S4). Among them, we 
selected miR-377-3P for future study not only because of 
its relatively high correlation with circPDK1 but also because 
we had conducted some research on this gene previously 
(Supplementary Table S4). We identified two complemen-
tary sequences between circPDK1 and the miR-377-3P seed 

Table 1 Relationship Between Clinical Characteristics and 
Expression Levels of circPDK1 in 60 Patients and Analysis of 
circPDK1 Expression with Clinical Factors

Characteristics Num High 
circPDK1 
Expression

Low 
circPDK1 
Expression

P value

Gender
Female 21 9 12 0.417

Male 39 21 18

Location
Left 30 15 15 1

Right 30 15 15

Age
<60 38 13 25 0.124

≥60 22 12 10

Pathological 
grade

G1-G2 39 21 18 0.417

G3-G4 21 9 12

Tumor size
≤4cm 13 7 6 0.754

>4cm 47 23 24

Metastasis
Yes 11 9 2 0.02*
No 49 21 28

Clinical stage
I–II 40 18 22 0.273

III–IV 20 12 8

Note: *P<0.05.
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Figure 3 CircPDK1 promotes the invasion and metastasis of RCC cells. (A–D) 786–0 and ACHN stable knockdown cells and knockdown control cells were seeded into the 
Transwell plate with or without BD Matrigel in the chamber, and the results were analyzed by ImageJ. (n=3). (E and F) 786–0 and ACHN stable knockdown cells and knockdown 
control cells were seeded into 6-well plates, after which pipette tips were used to make perpendicular scratches on the bottom of the plate. Images were taken 12 h later. (n=3). (G) 
sh-CircPDK1 or sh-NS 786–0 stably transfected cell lines used to test the cell proliferation with a microplate reader at 0, 24, 48, 72, and 96 h at 469 nm. n.s. indicates no significant 
difference, (n=3). (H and I) 786–0 stable knockdown cell lines stained with Annexin V-FITC/PI for cell apoptosis. Imagines were obtained using flow cytometry (Leica, Germany) and 
analyzed with ModFit LT. n.s. means no significant difference. (J and K) 786–0 cells stably transfected with circPDK1-OE or the control vector were injected in the tail veins of 
6-week-old male BALB/c nude mice, and the metastatic nodules in the lung tissue were counted one month later. The data are presented as the means ± SD. The P value was 
calculated between the indicated groups. (n=10). (L) The potential effects of circPDK1 on downstream genes and functions were explored by extracting RNA from three different 
sh-circPDK1 and sh-NS 786–0 stable knockdown cell lines, and it was then reverse transcribed to generate the cDNA library for exon sequencing. The column table shows the top 
20 enriched biological processes, cellular components and molecular functions in different colors. (M) The RNA-seq results from 3 different sh-circPDK1 and sh-NS 786–0 stable 
knockdown cell lines were analyzed to determine whether the enriched KEGG pathway may be involved in the function of circPDK1. The top 20 enriched pathways are displayed in 
the scatter plot, where the size of the circle represents the number of enriched genes, and the gradual changes from cold to warm colors indicates the P value.
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region (Figure 4A). To further evaluate these predictions, we 
conducted dual-luciferase reporter assays. The results 
showed that the wild-type circPDK1 luciferase activity was 
significantly curbed by miR-377-3P while the mutated 
circPDK1 luciferase activity had no influence on miR-377- 
3P, demonstrating that miR-377-3P can directly bind to the 
circPDK1 3ʹUTR at these sites (Figure 4B). Next, we 
assessed the importance of miR-377-3P in RCC. The RT- 
qPCR results showed that miR-377-3P expression was 
decreased in RCC tumors or cell lines (Figure 4C and D). 
Then, we treated 786–0 and ACHN cells with miR-377-3P- 
specific inhibitor or mimics. As expected, the RT-qPCR 
results showed that miR-377-3P expression was downregu-
lated or upregulated compared with that observed in the NS 
groups, whereas it had no effect on circPDK1 expression. 
These data suggest that circPDK1 functions upstream of 
miR-377-3P (Figure 4E–G).

MiR-377-3P Suppresses RCC Cell 
Invasion and Metastasis by Targeting 
NOTCH1
Based on the bioinformatic prediction results of our RNA- 
seq data, we speculated that miR-377-3P may play a role in 
RCC by targeting NOTCH1. To investigate this possibility, 
we transfected miR-377-3P mimics into 786–0 and ACHN 
cell lines, and the RT-qPCR and Western blotting results 
showed that the RNA and protein expression levels of 
NOTCH1 were significantly decreased (Figure 5A–C). In 
contrast, the RNA and protein expression levels of 
NOTCH1 were significantly increased after the miR-377- 
3P inhibitor was transfected into both the 786–0 and 
ACHN cell lines (Figure 5A–C). In further support of our 
hypothesis, two potential binding sites between miR-377-3P 
and NOTCH1 were identified. To further verify whether 
a direct interaction exists between NOTCH1 and miR-377- 
3P, we designed wild-type and mutant clones of the 
NOTCH1 3ʹUTR (Figure 5D). The dual-luciferase reporter 
assay results showed that miR-377-3P mimics significantly 
downregulated fluorescence in cells with the wild-type 
NOTCH1 construct but had no significant effect with the 
mutant construct (Figure 5E). To examine the role of miR- 
377-3P and NOTCH1 in renal tumor cell lines, we per-
formed a migration assay and a wound-healing assay after 
transfecting miRNA mimics or pDONR-Notch1 in the 
786–0 and ACHN cell lines. The miR-377-3P mimic sig-
nificantly decreased the migration and invasion in RCC cells 
compared with that observed in control cells, and these 

effects were reversed by the overexpression of NOTCH1 
(Figure 5F and G). In addition, the wound-healing assay 
results indicated that the miR-377-3P mimic led to 
a slower closing of scratch wounds compared with that 
observed in the control group, whereas NOTCH1 overex-
pression reversed these effects (Figure 5H and I). These 
results indicated that miR-377-3P regulates RCC cell inva-
sion and metastasis by modulating NOTCH1 expression.

CircPDK1 Promotes RCC Cell Invasion 
and Metastasis by Sponging miR-377-3P 
and Upregulating NOTCH1 Expression
As we confirmed the relationship between miR-377-3P and 
NOTCH1, we were curious as to whether circPDK1 could 
regulate the expression of NOTCH1 via miR-377-3P. 
Therefore, after knocking down circPDK1, we performed 
RT-qPCR and Western blotting analyses to assess the 
expression of NOTCH1 at the RNA and protein levels. 
The RT-qPCR and Western blotting results showed that 
silencing circPDK1 significantly downregulated NOTCH1 
expression, whereas treatment with the miR-377-3P inhibi-
tor upregulated NOTCH1 expression (Figure 6A–C). These 
results indicate that circPDK1 and miR-377-3P function 
within the same pathway to regulate NOTCH1 expression. 
We observed that circPDK1 silencing significantly 
decreased the migration and invasion in RCC cells com-
pared to that observed for control cells, and these effects 
were reversed by miR-377-3P inhibition or NOTCH1 over-
expression (Figure 6D and E). Furthermore, the wound- 
healing assay results indicated that circPDK1 silencing led 
to a slower closing of scratch wounds compared with that 
observed in the control group, whereas miR-377-3P inhibi-
tion or NOTCH1 overexpression reversed these effects 
(Figure 6F and G). Taken together, these results confirmed 
that circPDK1 can directly affect the invasion and migra-
tion of RCC cells by sponging miR-377-3P.

Discussion
Although great progress has been made in diagnostic tech-
niques and treatments for RCC, advanced RCC is often 
accompanied by tumor thrombi shedding and distant 
metastasis, with the 5-year survival rate significantly 
decreasing after metastasis occurs.6,35,36 Therefore, pre-
venting RCC metastasis has consistently been the focus 
of RCC treatment. Because current treatments for the 
VEGF and mTOR pathways often produce drug resistance, 
elucidating the mechanism of metastasis and drug 
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Figure 4 CircPDK1 directly binds to miR-377-3P in RCC. (A) Predicted potential binding sites of hsa-miR-377-3P to hsa-circPDK1 and hsa-circPDK1 mutation site positions. (B) 
The has-miR-377-3P plasmid was constructed and cotransfected with wild-type or mutant plasmids harboring circPDK1 into 293T cells, as shown in (Figure 4A). The Renilla 
luciferase value (Rluc) was recorded as the reporter luminescence value. Normalized Rluc/Fluc values for each well represented the level of mutual binding. The data are 
presented as the means ± SD. (n=3). (C) RT-qPCR was used to verify the expression levels of miR-377-3P in 30 pairs of RCC and paratumor tissues, and the average 
expression level in paratumor tissues was used as a standard. (D) RT-qPCR was performed to assess the expression of miR-377-3P in RCC and HK-2 cells. MiR-377-3P was 
quantified using the HK-2 miR-377-3P expression level as a standard. The data are presented as the means ± SD. (n=3). (E–G) 786–0 and ACHN cells were transfected with 
miR-377-3P mimics and inhibitors or their negative control, after which the level of miR-377-3P and circPDK1 expression was verified in each group. The data are presented as 
the means ± SD. n.s. indicates no significant change. (n=3).
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resistance is important. The epithelial-mesenchymal tran-
sition (EMT), a switch of epithelial cells to a mesenchymal 
phenotype, has been confirmed to be involved in the 
metastasis of RCC. Furthermore, SNAIL and SLUG have 
been reported to be predominantly expressed in high-grade 
RCC and play key roles in renal cancer metastasis. RCC, 
especially high-grade RCC, is typically accompanied by 
SNAIL overexpression and E-cadherin loss, and these 
changes will contribute to EMT in RCC cell lines.37,38 

Studies have shown that inhibiting the level of SNAIL 

expression in RCC cells can significantly downregulate 
the expression of VIM, MMP2, and MMP9 while simul-
taneously upregulating E-cadherin expression, thereby 
inhibiting the metastasis of RCC.39,40

CircRNA is a newly discovered type of non-coding 
RNA that has been increasingly reported to be involved 
in many types of tumor metastasis processes through many 
pathways.41–45 For instance, circTADA2A can promote 
osteosarcoma metastasis by sponging miR-203a-3p and 
regulating CREB3 expression, and circPTK2 can control 

Figure 5 MiR-377-3P suppresses RCC cell invasion and metastasis by targeting NOTCH1. (A) 786–0 and ACHN cells were transfected with miR-377-3P mimics and inhibitors 
or their negative controls, and the expression level of NOTCH1 was verified in each group. The data are presented as the means ± SD. (n=3). (B and C) 786–0 and ACHN 
cells were transfected with miR-377-3P mimics and inhibitors or their negative control, and Western blotting was used to verify the expression level of each group. β-Tubulin 
was used as a control. (n=3). (D and E) The has-miR-377-3P plasmid was constructed and cotransfected with wild-type or mutant NOTCH1 plasmid into 293T cells as shown 
in Figure 5D. The cells were treated using the method described in Figure 4F to verify the normalized Rluc/Fluc values for each well representing the level of mutual binding. 
(n=3). (F and G) 786–0 and ACHN cells were transfected with miR-377-3P negative control (NS mimics), miR-377-3P or miR-377-3P with pDONR-Notch1. The cells were 
treated using the method described in Figure 3B to verify the migration ability of each group. The data are presented as the means ± SD. (n=3). (H and I) 786–0 and ACHN 
cells were transfected with the miR-377-3P negative control (NS mimics), miR-377-3P or miR-377-3P with pDONR-NOTCH1, and the cells were treated using the method 
described in Figure 3C to verify the invasion ability of each group. The data are presented as the means ± SD. (n=3).
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TIF1γ in NSCLC to inhibit TGF-β-induced EMT and 
metastasis. In addition, circRNAs have also been reported 
to be involved in numerous renal cancer processes.46–49 

For example, circ-AKT3 can suppress ccRCC metastasis 
by promoting E-cadherin expression by competitively 
binding to miR-296-3p, and circPCNXL2 can regulate 
RCC cell proliferation and invasion through the miR- 
153/ZEB2 axis. However, the details of the mechanisms 
associated with these activities require further investiga-
tion. Additionally, another report about circPDK1 in lung 
squamous cell carcinoma (LSCC) shows that circPDK1 is 
overexpressed in LSCC and correlated with LSCC metas-
tasis. This result is consistent with our study.50

The most common mechanism by which circRNAs 
function includes 1) acting on miRNAs through the sponge 
mechanism, thereby reducing the number of active 
miRNAs and inhibiting their effects on downstream target 
genes; 2) directly encoding a functional protein; and 3) 
directly binding to their parental mRNAs to prevent or 
promote its expression. To further explore the role of 
circRNAs in RCC, in the present study we conducted 
a comprehensive RNA-seq analysis using RCC tissues. 
Through a GO analysis of abnormally expressed genes, 
we observed that the functions of these circRNAs are 
closely related to membrane and extracellular interstitial 
components and signal transduction in renal cancer. The 

Figure 6 CircPDK1 promotes RCC cell invasion and metastasis by sponging miR-377-3P and upregulating NOTCH1. (A) sh-NS or sh-circPDK1 was transfected with 
or without miR-377-3P inhibitors into 786–0 and ACHN stable cell lines, and the cells were seeded into 6-well plates; RT-qPCR was used to verify the level of 
NOTCH1 expression in each group. (n=3). (B and C) sh-NS or sh-circPDK1 was transfected with or without miR-377-3P inhibitors into 786–0 and ACHN stable cell 
lines, and the cells were seeded into 6-well plates. Western blotting was used to verify the level of NOTCH1 expression in each group. β-Tubulin was used as 
a control. (n=3). (D and E) sh-NS or sh-circPDK1 was transfected with or without miR-377-3P inhibitors and pDONR-NOTCH1 into 786–0 and ACHN stable cell 
lines to verify the invasion ability of each group. The cells were treated using the method described in Figure 3B to verify the migration ability of each group. The 
data are presented as the means ± SD.(n=3). (F and G) sh-NS or sh-circPDK1 was transfected with or without miR-377-3P inhibitors and pDONR-NOTCH1 into 
786–0 and ACHN stable cell lines, and the cells were treated using the method described in Figure 3C to verify the invasion ability of each group. The data are 
presented as the means ± SD. (n=3).
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KEGG pathway analysis results also showed that the 
abnormally expressed circRNAs affect signal transduction 
and the interaction between extracellular matrix compo-
nents. From the RNA-seq results, we identified a new 
RCC-associated circRNA, circPDK1. We observed that 
the level of circPDK1 expression is significantly increased 
in RCC, and the clinical data also showed that high 
circPDK1 expression was obviously associated with 
lymph node metastasis and distant metastasis of RCC.

Further studies have demonstrated that circPDK1 can 
function as a sponge by sequestering miR-377-3P and 
thereby abolishing its suppression of NOTCH1 expression 
in RCC. MiR-377-3P has been previously reported to be 
poorly expressed in NSCLC, glioma cancer and breast 
cancer, where miR-377-3P could inhibit the proliferation 
and metastasis of NSCLC cells and promote their apop-
tosis by targeting E2F3 or HOXC6,19,51–53 but its role in 
RCC has remained unclear. In the present study, we 
investigated the role of miR-377-3P in renal tumor tissues 
and RCC cell lines for the first time. As expected, miR- 
377-3P was significantly decreased in renal tumor tissue 
and cell lines compared with that observed in the HK-2 
cell line, and miR-377-3P could bind to and inhibit 
NOTCH1 expression. Therefore, we report for the first 
time that miR-377-3P plays a role in promoting RCC 
metastasis.

NOTCH1 plays a role in preventing Notch signaling and 
harboring N-terminal EGF-like repeats followed by LNR 
domains, which form a complex with ligands. The Notch 
signaling pathway is involved in processes such as cell pro-
liferation, differentiation and survival. NOTCH1 activation is 
correlated with vasculogenic mimicry (VM) and the expres-
sion of epithelial-to-mesenchymal transition (EMT) biomar-
kers to promote tumor metastasis.54,55 Thus, we speculated 
that circPDK1 affects the process of EMT by promoting the 
expression and activation of NOTCH1, thereby promoting the 
metastasis of RCC. The Western blotting results showed that 
circPDK1 knockdown can decrease both NOTCH1 and 
MMP9 expression, confirming our previous hypothesis 
(Figure 6B). These data are also consistent with the 
circPDK1 knockdown RNA-seq results, where the abnor-
mally expressed genes were enriched in the EMT pathway 
(Figure 1D and E). In the present study, we demonstrated that 
miR-377-3P functions in a regulatory pathway with circPDK1 
and NOTCH1, mediating the function of circPDK1 to promote 
RCC metastasis. Under normal conditions, miR-377-3P can 
bind to the 3ʹUTR of NOTCH1 mRNA and induce its degra-
dation. However, when RCC occurs, overexpressed circPDK1 
could be as a sponge by sequestering miR-377-3P, decreasing 
its availability to bind the 3ʹUTR of NOTCH1, potentially 
leading to NOTCH1 activation and the promotion of tumor 
metastasis (Figure 7). Therefore, the results of our study 

Figure 7 Schematic diagram depicting normal conditions, where miR-377-3P binds to the 3ʹUTR of NOTCH1 mRNA and inhibits its expression. In contrast, in RCC circPDK1 
is overexpressed and adsorbs miR-377-3P through a sponging mechanism, decreasing the binding of miR-377-3P to the 3ʹUTR of NOTCH1 mRNA and promoting NOTCH1 
expression.
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provide a new target for the detection of metastatic RCC and 
also provide a new direction for the treatment of metastatic 
RCC. However, we did not fully explore the mechanisms by 
which circRNAs participate in the EMT process of renal cell 
carcinoma. Furthermore, whether circRNAs affect the metas-
tasis of kidney cancer through other pathways after affecting 
the composition of extracellular matrix is worthy of further 
investigation in the future.

Conclusions
Our data revealed that circPDK1 was significantly corre-
lated with tumor metastasis of RCC patients and may 
function through the circPDK1-miR-377-3P-NOTCH1 
axis to promote tumor metastasis. Therefore, circPDK1 
could be used as a new biomarker for predicting RCC 
metastasis and as a potential target for tumor therapy.
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