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Exosomal circular RNA_400068 promotes the development
of renal cell carcinoma via the miR-210-5p/SOCS1 axis
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Abstract. Renal cell carcinoma (RCC) is a common type of
malignancy in the kidney, which accounts for ~80% of the
cases within adult patients. The pathogenesis of RCC is compli-
cated and involves alterations at both genetic and epigenetic
levels. The aim of the present study was to investigate the
roles of circRNAs in the pathogenesis of RCC. In the current
study, exosomes were isolated via gradient centrifugation
and identified using transmission electron microscope. The
expression levels of circular RNA (circ)_400068, microRNA
(miR)-210-5p and suppressor of cytokine signaling 1 (SOCSI)
were examined using reverse transcription-quantitative PCR.
Cell proliferation was evaluated using a Cell Counting Kit-8
assay, and the apoptotic rate was determined in transfected
cells using flow cytometry. The protein expression levels of
proliferation- and apoptosis-associated genes were assessed
via western blot analysis. Upregulation of circ_400068
was detected in RCC plasma exosomes, tissue samples and
cells. Additionally, treatment with exosomal circ_400068
promoted the proliferation and inhibited the apoptosis of
healthy kidney cells, which were abrogated by short hairpin
RNA-circ_400068. The results suggested that miR-210-5p
was a potential downstream molecule of circ_400068,
and SOCS1 was a novel target of miR-210-5p. Moreover,
circ_400068 regulated the proliferation of HK-2 cells by
targeting the miR-210-5p/SOCSI axis, as the effects on cell
proliferation caused by treatment using exosomes isolated
from the culture media of RCC cells were abolished by
miR-210-5p mimics. It was found that enhanced cell prolif-
eration induced by miR-210-5p inhibitors was attenuated by
the knockdown of SOCSI, while the influences triggered by
miR-210-5p mimics were reversed by SOCS1 overexpression.
Collectively, the present findings provided a novel insight into
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the crucial regulatory functions of circ_400068 in RCC, and
the circ_400068/miR-210-5p/SOCSI1 axis could be a candi-
date therapeutic target for the treatment of patients with RCC.

Introduction

Renal cell carcinoma (RCC) is one of the most prevalent tumor
types in the adult kidney, and the recurrence rate is high (1).
In 2015, a ~66.8% increase in new RCC cases was reported,
with a ~23.4% increase in mortality within patients with RCC
in China (2). While there have been increased efforts for the
development of diagnostic methods, including the utilization
of ultrasound and CT technologies, it remains difficult to
distinguish benign tumors from the malignancy (3). Thus,
it is essential to identify novel non-invasive biomarkers and
therapeutic candidates for RCC. The complex pathogenesis
of RCC involves alterations at both the genetic and epigenetic
levels, which can lead to tumorigenesis (4-8); however, the
detailed mechanisms during the initiation and development
of this disease are yet to be fully elucidated. Numerous path-
ways including PI3K/Akt/mTOR and Wnt/B-catenin could be
involved in the progression of RCC (4,5,9).

Circular RNAs (circRNAs) are a novel group of non-coding
RNAs that form a continuous loop and are more stable
compared with their linear counterparts (10,11). Although
certain circRNAs, such as CirS-7, have been reported as putative
gene regulators (11), the detailed functions of most circRNAs
are largely unknown. Due to the absence of free 5'- or 3'-ends,
circRNAs are resistant to exonuclease-induced degradation (11).
Previous studies have revealed that circRNAs could function as
microRNA (miRNA/miR) ‘sponges’ that competitively inhibit
the activity of miRNAs (11,12). In addition, circRNAs are
involved in the pathogenesis of numerous types of diseases, such
as nervous system disorders and cancer (13-15).

In the tumor microenvironment, crosstalk between malig-
nant cells and adjacent healthy cells is crucial during the
development of a tumor (16). Exosomes are a novel type of
microparticles with a diameter of 40-100 nm, and these are
produced by most cell types (17). Cell-secreted exosomes are
detected in numerous types of eukaryotic fluids, such as blood,
urine and cell culture media (18). Exosomes are crucial during
cell-cell signaling. For instance, RNAs are able to shuttle from
one cell to another, known as ‘exosomal shuttle RNAs’, and
can affect protein production in healthy cells (19). Previous
studies have also revealed that circRNAs are abundantly
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detected in exosomes, and function as miRNA sponges during
gene regulation (20-22). circRNAs can be transferred into
exosomes in colon cancer cells (23). In addition, mRNAs and
miRNAs can be transferred by exosomes to facilitate genetic
exchange between cells (24). However, the detailed functions
of exosomal circRNAs in cancer remain largely unknown.

In the present study, the expression patterns of exosomal
circRNAs in patients with RCC were examined, and the
regulatory functions of circRNAs during the progression of
RCC were elucidated. The effects of circ_400068-regulated
miR-210-5p/suppressor of cytokine signaling 1 (SOCSI1)
signaling on the development of RCC were elucidated, which
could provide novel insights into the therapeutic strategies of
the treatment against this disease.

Materials and methods

Clinical samples. Human kidney tissue and plasma (10 ml)
specimens were obtained from patients with RCC (n=28, aged
38-72 years old; 16 males and 12 females) at the Department
of Urology of The First Affiliated Hospital of Jinzhou Medical
University between May 2014 and April 2017. Para-carcinoma
tissues were =5-cm from tumor margin. The expression levels
of hsa_circ_400068 were categorized into low and high
groups using the mean value. The biopsies were examined
by two independent pathologists, and the clinicopathological
features of enrolled patients were summarized in Table I. The
study was approved by the Ethics Committee of The First
Affiliated Hospital of Jinzhou Medical University, Written
informed consents were signed by all patients.

Extraction of exosomes in human plasma and RCC cells
culture media. RCC cells were cultured using Dulbecco's
modified Eagle's medium (DMEM) supplemented with strep-
tomycin (100 ug/ml), penicillin (100 U/ml) and 10% (FBS;
HyClone; Cytiva). Exosomes were isolated using gradient
centrifugation as previously described (22). Circulating blood
samples (~10 ml) were centrifugated at 2,000 x g at 4°C for
10 min and the plasma was obtained. After centrifugation at
3,000 x g for 30 min, debris and floating cells were aspirated.
Subsequently, the supernatant was collected and centrifugated
at 10,000 x g for 10 min to remove microvesicles, whose sizes
are larger compared with exosomes. The supernatant was
spun at 15,000 x g for 60 min. All centrifugation steps were
performed at 4°C. Isolated exosomes pellets were rinsed using
PBS and stored at -80°C until further use.

Confirmation of exosome using transmission electron
microscope. Isolated exosomes pellets were resuspended in
PBS and fixed using 2.5% of glutaraldehyde (pH 7.2) at 4°C
overnight. A drop of 100 ul the suspension was placed on a
parafilm sheet, and a copper grid coated by carbon was placed
onto the drop for 10 sec and then removed. Uranyl acetate
and phosphotungstic acid (0.5 pg, 2%) were added onto the
grid at room temperature for 5 sec. Following the removal of
excess liquid using filter paper, the grid was dried for 10 min
at room temperature and the observed using a transmission
electron microscope (H-7600; Hitachi, Ltd.). In total, 10 fields
of view were randomly selected for each sample (magnifica-
tion, x200,000).
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circRNA microarray. Total RNA was extracted using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and a
RNeasy Mini kit (Qiagen GmbH). Samples were then grouped
and Cy3-dUTP-labelled targets were generated using an
Arraystar Super RNA Labeling Kit (Arraystar Inc.) for circRNA
array. Human circRNA array v2 (CapitalBio Technology Co.,
Ltd.) was designed, ~5,000 genes were mounted onto the chip,
the target sequences of these circRNAs were obtained from
circBase (June, 2015 http:/www.circbase.org/). Briefly, labeled
targets were hybridized with the samples, which were scanned
using Agilent Microarray scanner (Agilent Technologies, Inc.).
Data were normalized according to the Quantile algorithm
(https://www.fon.hum.uva.nl/praat/manual/quantile_algorithm.
html). Arrays were performed using the protocol provided by
Agilent Technologies, Inc. Genes whose fold change was >2
(P<0.05) were further analyzed. In total, the five most up- or
downregulated circRNAs in plasma exosomes of patients with
RCC are listed in Table II. circ_400068 was the most upregu-
lated gene in RCC samples and was selected for further study.

Cell culture. The human clear cell RCC cell line Caki-1 and
the papillary RCC cell line Caki-2, as well as a cell line of
normal human kidney cells (HK-2) were obtained from the
Shanghai Institute of Cell Biology, Chinese Academy of
Science. Cells were maintained using DMEM supplemented
with 10% FBS, 100 U/ml penicillin and 100 pg/ml strepto-
mycin (all purchased from Gibco; Thermo Fisher Scientific,
Inc.). Cells were incubated in a humidified incubator supplied
with 5% CO, at 37°C.

Cell transfection. To generate circ_400068 and SOCSI
knockdown HK-2 cells, SureSilencing short hairpin (sh)
RNA plasmids (Qiagen GmbH) targeting circ_400068
(sh-circ_400068) and the scrambled negative control (sh-NC;
sense, 5'-CACCGTTCTCCGAACGTGTCACGTCAA
GAGATTACGTGACACGTTCGGAGAATTTTTTG-3' and
antisense, 5-AGCTCAAAAAATTCTCCGAACGTGTCA
CGTAATCTCTTGACGTGACACGTTCGGAGAAC-3"), as
well as small interfering (si)RNA against SOCS1 (si-SOCSI;
5'-CCUGCACGGAGCAUUAACUTT-3") and the NC (si-NC;
5'-ACGUGACACGUUCGGAGAATT-3") were obtained from
Shanghai GenePharma Co., Ltd. Subsequent experiments were
performed 48 h post-transfection.

For miR-210-5p interference, miR-210-5p mimics
(5'-CUGUGCGUGUGACAGCGGCUGA-3"), miR-210-5p
inhibitors (5'-UCAGCCGCUGUCACACGCACAG-3") and
miR-NC (sense, 5'-UUCUUUUCGAACGUGUCACGUTT-3'
and antisense, ACGUGACACGUUCGGAGAATT-3") with
the non-targeting sequence were purchased from Shanghai
GenePharma Co., Ltd and transfected into HK-2 cells (ATCC).

To produce HK-2 cells overexpressing circ_400068
(LV-circ_400068) or SOCSI(LV-SOCS1), wild-type (WT)
and scrambled (LV-NC) sequences were integrated into
PLCDH-cir vectors (Guangzhou RiboBio Co., Ltd.).

In total, 25 nM plasmids were used for transfection together
with Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.). Fresh DMEM containing 10% FBS was
added into cells 12 h after transfection. Transfected cells were
further selected using puromycin (0.5 pg/ml; Sigma-Aldrich;
Merck KGaA) for an additional 2 weeks. Non-transfected
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Table I. Clinicopathological parameters of patients with renal
cell carcinoma recruited in the current study.

hsa_circ_
400068
expression
Total number
Parameters of cases Low High P-value
Sex 0.392
Male 16 7 9
Female 12 7 5
Age, years 0411
>60 18 8 10
<60 10 6 4
Tumor size, cm 0.409
>5 14 6 8
<5 14 8 6
Histology grade® 0.456
I-11 17 9 8
I-1v 11 5 6

Differences among variables were analyzed using Fisher's exact test.
*The Fuhrman grading system was used. circRNA, circular RNA.

cells or cells transfected with sh-circ_400068 and miR-210-5p
mimics were further treated using exosomes (10® particles/ml)
isolated from the culture media of RCC cells (RCC-Exo) 37°C
for 24 h.

Reverse transcription-quantitative PCR (RT-qPCR).
miRNA was extracted using a miRNeasy Mini kit (Qiagen
China Co., Ltd.). A TagMan miRNA assay (Applied
Biosystems; Thermo Fisher Scientific, Inc.) was used to
examine the expression of miR-210-5p, and the reaction was
completed on Applied Biosystem 7500 system (Thermo Fisher
Scientific, Inc.). For the detection of mRNAs and circRNAs,
total RNA was isolated using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manu-
facturer's protocols. The concentration of extracted RNA
was evaluated using a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, Inc.). Then, cDNA was produced
using PrimeScript™ RT kit (Takara Biotechnology Co., Ltd.),
and PCR program used was: 42°C for 45 min, 99°C for 5 min
and 5°C for 5 min in a PCR cycler. gPCR was conducted
using SYBR Green PCR Master mix (Takara Biotechnology
Co., Ltd.). U6 snRNA was used as internal control for
miRNAs. Endogenous GAPDH was used as a reference for
circRNA and mRNA. The forward and reverse primer pairs
used were as follows: circ_400068, forward: 5'-“TGATCT
CACCCTAAGTTCGC-3' and reverse: 5-CATACCAATCCT
CAATCCTC-3"; miR-210-5p, forward: 5'-CCTGCAATATTT
GCATGTCG-3' and reverse: 5'-GTCCCTATTGGCGTTACT
ATGG-3'; SOCSI, forward: 5'-GCAUCCGCGUGCACU
UUCAUU-3' and reverse: 5~AAUGAAAGUGCACGCGGA
UGC-3"; GAPDH, forward: 5-ATGTCGTGGAGTCTACTG
GC-3' and reverse: 5“-TGACCTTGCCCACAGCCTTG-3"; and
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U6, forward: 5'-CTCGCTTCGGCAGCACA-3' and reverse:
5'-AACGCTTCACGAATTTGCGT-3". The thermocycling
program included: Initial denaturation at 95°C for 10 min,
followed by 40 cycles of 95°C for 15 sec, 60°C for 20 sec and
72°C for 10 sec and final extension at 72°C for 5 min. Relative
gene expression was analyzed using the 244 method (25).

Cell proliferation assay. At 24 h post-transfection, cells
were harvested and seeded at 5x10° per well onto a 96-well
plate. Cell proliferation was determined at day 1, 2, 3 and 4.
According to the manufacturer's protocol, 10 ul Cell Counting
Kit (CCK)-8 solution (Beyotime Institute of Biotechnology)
was used for each coloring reaction. After a further incubation
at 37°C for 2 h, the absorbance at 450 nm was quantified using
a plate reader (Bio-Rad Laboratories, Inc.). Each experiment
was performed in triplicate independently.

Cell apoptosis analysis. Cell apoptotic rate was calculated
as the percentage of early apoptotic cells, the percentage of
late apoptotic cells, or the percentage of early + late apop-
totic cells. Transfected cells were placed onto a 6-well plate
at 4x10* per well and then centrifugated at 5,000 x g at
room temperature for 5 min. Cell pellets were washed and
re-suspended using PBS. Cells were stained with PI at room
temperature for 5 min. To evaluate cell apoptotic activity, cell
suspension were incubated at4°C in dark for 30 min and staining
was performed using 5 ul Annexin V-FITC (Sigma-Aldrich;
Merck KGaA). Cell apoptotic rate was determined using a flow
cytometer FACSAria III (BD Biosciences) and the data were
interpreted using FlowJo software (version 7.6; FlowJo LLC).

Bioinformatics and dual-luciferase reporter assay.
TargetScan (version 6.2; www.targetscan.org/) and miRanda
(version 5.0; www.microrna.org/microrna/) were used to
predict the putative downstream targets of circ_400068 and
miR-210-5p. Wild-type (WT) fragment of the 3'untranslated
region (UTR) on circ_400068 or SOCSI1 with potential
complementary binding sites of miR-210-5p were obtained
from Shanghai GenePharma Co., Ltd. The sequences were
integrated onto pmirGLO Dual-Luciferase miRNA Target
Expression vector (Promega Corporation) according to
the manufacturer's protocols. A circ_400068 or SOCSI
3'UTR-mutant (MUT) vector containing the mutant binding
site of miR-210-5p was produced using a QuikChange
Multi Site-Directed Mutagenesis kit (Stratagene; Agilent
Technologies, Inc.). Subsequently, the plasmids were used to
co-transfect 293 cells (ATCC) with miR-210-5p mimics or
mock control (2 pg/ul) using Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.). Luciferase activity was exam-
ined 48 h after transfection using a Dual Luciferase Reporter
Assay system (Promega Corporation), and firefly luciferase
activity was normalized using Renilla luciferase.

Western blotting. Total protein was extracted from
tissues and cells using RIPA buffer (Beyotime Institute
of Biotechnology). The concentration of isolated protein
was evaluated using BCA assay (Beyotime Institute of
Biotechnology). Equal amount (30 ug) of protein samples
were loaded onto 10% SDS-PAGE and were subsequently
transferred to PVDF membrane (EMD Millipore). Then,
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Table II. Top five up- and downregulated circRNAs in the array.
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A, Upregulated

circRNA ID Fold change P-value circRNA type Genomic location Gene symbol
hsa_circ_0092314 4.86 0.00772 Exonic chr22 RANBPI11
hsa_circ_0000735 3.66 0.00664 Exonic chrl7 P2RX1
hsa_circ_0023642 2.83 0.01453 Exonic chrll UVRAG
hsa_circ_0068610 2.33 0.03245 Exonic chr3 TFRC
hsa_circ_0032821 2.15 0.04664 Exonic chrl4 CEP128

B, Downregulated

circRNA ID Fold change P-value circRNA type Genomic location Gene symbol
hsa_circ_0005730 3.61 0.04235 Exonic chr5 CDK7
hsa_circ_0003645 322 0.02664 Exonic chrl6 Cl160rf62
hsa_circ_0026134 2.76 0.01664 Exonic chrl2 TUBAIC
hsa_circ_0061274 2.52 0.01863 Exonic chr21 NRIP1
hsa_circ_0092368 2.19 0.00791 Exonic chrl HMGN2

circRNA, circular RNA; chr, chromosome.

the membranes were blocked in TBS containing 5% non-fat
milk at room temperature for 1 h, followed by incubation
using primary antibodies: Ki-67 (1:5,000; cat. no. abl6667,
Abcam), caspase-7 (1:500; cat. no. ab32522; Abcam), cleaved
caspase-7 (1:500; cat. no. ab256474; Abcam), SOCS1 (1:100;
cat. no. ab62584; Abcam), E-cadherin (E-cad; 1:5,000;
cat. no. ab15148; Abcam), p53 (1:1,000; cat. no. ab131442;
Abcam), GAPDH (1:10,000; cat. no. ab8245; Abcam) and
STAT1 (1:5,000; cat. no. ab47425; Abcam) at 4°C overnight.
The following day, membranes were rinsed and incubated
in horseradish peroxidase-conjugated anti-rabbit (1:10,000;
cat. no. sc-2357; Santa Cruz Biotechnology Inc.) or anti-mouse
IgG (1:10,000; cat. no. sc-2371; Santa Cruz Biotechnology
Inc.) at room temperature for 1 h. Protein bands were visu-
alized using an ECL detection kit (Pierce Biotechnology;
Thermo Fisher Scientific, Inc.), and blots were analyzed using
ImagelJ (version 1.3; National Institutes of Health). GAPDH
was used as internal standard.

Statistical analysis. Data are presented as the mean + stan-
dard deviation, and were analyzed using JMP 9.0 software
(SAS Institute, Inc.). All the experiments were performed
three times. The significance of differences were interpreted
using paired or unpaired Student's t-test or one-way ANOVA
followed by a post hoc Tukey's test. The association between
circ_400068 expression in RCC tissues and exosomes was
evaluated using Pearson's correlation test. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

circ_400068 is upregulated in RCC samples and cells.
According to the data from circRNA microarray (Table II),

circ_400068 was upregulated in plasma exosomes of patients
with RCC and selected for further functional study. The results
indicated that the expression levels of plasma exosomal and
tissue circ_400068 in patients with RCC were moderately
positively correlated (Fig. 1A). Therefore, the expression of
circ_400068 in RCC tissues was evaluated. Upregulation
of circ_400068 was observed in RCC tissues compared
with adjacent healthy controls (Fig. 1B). Additionally, the
expression of circ_400068 was elevated in RCC cells lines
in comparison with healthy kidney cells (Fig. 1C). However,
no significant association was observed between circ_400068
in RCC tissues and clinicopathological characteristics of the
patients (Table II). These findings suggested that the expres-
sion of circ_400068 was upregulated in RCC, which could be
associated with the development of this disease.

Treatment with exosomal circ_400068 promotes the prolif-
eration and inhibits the apoptosis of kidney cells, which
were abrogated by sh-circ_400068. In order to elucidate
the roles of circ_400068 on cellular functions, proliferation
and apoptosis were examined in HK-2 cells treated with
exosomal circ_400068 extracted from RCC-Exo. The results
demonstrated that the expression of circ_400068 in HK-2 cells
was increased following this treatment (Fig. 2A). In order to
perform further functional experiments, the cells were also
treated with sh-circ_400068, and the transfection efficiencies
were confirmed using RT-qPCR (Fig. 2B).

HK-2 cells were also co-treated with sh-circ_400068 and
RCC-Exo. The results of CCK-8 assay suggested that the
proliferation of HK-2 cells was significantly promoted after
the treatment with RCC-Exo, and the effects were abolished
by sh-circ_400068 (Fig. 2C). In line with these findings, the
expression of Ki-67 was upregulated in HK-2 cells treated with
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Figure 1. circ_400068 is upregulated in RCC samples and cells. (A) Expression levels of circ_400068 in RCC plasma exosome and tissues were positively
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RCC-Exo, which was markedly reversed by the treatment with
sh-circ_400068 (Fig. 2D and E). Moreover, flow cytometry
results indicated that the apoptotic rate of RCC-Exo-treated
cells was significantly decreased compared with non-treated
cells (Fig. 2F and G). The expression of cleaved caspase-7
was significantly downregulated in HK-2 cells treated with
RCC-Exo compared with the NC, and the effects were
reversed by sh-circ_400068 (Fig. 2H and I). These data indi-
cated that exosomal circ_400068 produced by RCC cells was
able to enhance cell proliferation and suppress the apoptosis of
healthy kidney cells, which could contribute to the progression
of RCC.

miR-210-5p is a putative downstream target of circ_400068
in RCC. In order to investigate whether circ_400068
exerts its regulatory functions by targeting corresponding
miRNAs in RCC, the complementary binding sites of
miR-210-5p on circ_400068 transcripts were predicted
using miRanda (Fig. 3A). Luciferase reporters carrying WT
(WT-circ_400068) and MUT (MUT-circ_400068) fragments
of the predicted miR-210-5p binding sites were produced. The
data indicated that miR-210-5p mimics significantly abolished
the luciferase activity of vectors containing WT binding
sequences, but not the MUT control (Fig. 3B). In order to
perform further functional experiments, the cells were also
treated with LV-circ_400068, and the transfection efficiencies
were confirmed using RT-qPCR (Fig. 3C).

To further study the influences of circ_400068 on
miR-210-5p expression, the expression of miR-210-5p was
detected in HK-2 cells transfected with sh-circ_400068

or LV-circ_400068. The expression of miR-210-5p was
upregulated in cells following the transfection with
sh-circ_400068, but downregulated after LV-circ_400068
transfection (Fig. 3D). Furthermore, the expression of
miR-210-5p was significantly decreased in RCC-Exo-treated
cells (Fig. 3E).

In order to perform further functional studies, HK-2 cells
were transfected with miR-210-5p mimics or inhibitors, and
the transfection efficiencies were confirmed via RT-qPCR
(Fig. 3F). The proliferative activity of HK-2 cells was
significantly inhibited after the treatment with miR-210-5p
mimics (Fig. 3G). In addition, the expression of Ki-67 was
downregulated in HK-2 cells transfected with miR-210-5p
mimics (Fig. 3H and I). It was identified that cell apoptosis
was enhanced following the treatment with miR-210-5p
mimics (Fig. 3] and K). Similarly, the expression of cleaved
caspase-7 was significantly increased in HK-2 cells treated
with miR-210-5p mimics (Fig. 3L and M). Thus, the results
suggested that miR-210-5p could be a promising target of
circ_400068 in RCC.

SOCS! is a novel target of miR-210-5p. Using the TargetScan
database, complementary binding sequences between SOCS1
and miR-210-5p were predicted (Fig. 4A). In order to elucidate
whether SOCSI1 was a putative target of miR-210-5p, WT
and MUT sequences of SOCS1 were inserted after a firefly
luciferase coding domain. It was found that the overexpression
of miR-210-5p significantly decreased the luciferase activity
of the SOCS1-WT reporter but not SOCSI-MUT control
(Fig. 4B).
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(E) The protein levels of Ki-67 were enhanced in cells treated with RCC-exo, which was reversed by sh-circ_400068. (F) Flow cytometry results demonstrated
that the (G) cell apoptotic rate was significantly reduced in RCC-Exo-treated HK-2 cells, and the effects were rescued by the treatment with sh-circ_400068.
(H) Western blotting results indicated that the (I) expression of cleaved caspase-7 was decreased in HK-2 cells treated with RCC-Exo, which was abrogated by
sh-circ_400068. "P<0.05 vs. NC. NC, negative control; sh-, short hairpin RNA; RCC-Exo, exosomes isolated from the culture media of RCC cells; circ, circular
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Additional experiments were performed to investi- demonstrated that the expression of SOCS1 was downregu-
gate whether miR-210-5p affects the expression levels of lated by miR-210-5p mimics, but upregulated by miR-210-5p
SOCSI and its downstream molecules. RT-qPCR results  inhibitors compared with miR-NC (Fig. 4C). IT was found
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that the protein expression levels of SOCSI, E-cad and p53
were notably decreased in HK-2 cells treated with miR-210-5p
mimics, while their expression levels were elevated by treat-
ment with miR-210-5p inhibitors. However, the expression of
STAT1 was significantly upregulated by miR-210-5p mimics
and downregulated by miR-210-5p inhibitors (Fig. 4D). These
findings indicated that SOCSI signaling could be downstream
target of miR-210-5p.

circ_400068 regulates the proliferation of HK-2 cells
by targeting the miR-210-5p/SOCSI axis. To investigate
the involvement of miR-210-5p and SOCSI1 in exosomal
circ_400068-modulated biological feature changes in
HK-2 cells, the cells were co-treated with miR-210-5p
mimics and RCC-Exo, miR-210-5p mimics and LV-SOCSI1
or miR-210-5p inhibitors and si-SOCSI. The transfection
efficiencies of si-SOCSI1 and LV-SOCSI were confirmed
via RT-qPCR (Fig. 5A and B). The data suggested that
the effects on cell proliferation and apoptosis caused by
RCC-Exo were significantly abolished by miR-210-5p
mimics (Fig. 5C-E). Additionally, promoted cell proliferation
caused by miR-210-5p inhibitors was significantly attenu-
ated by the knockdown of SOCSI1, whereas the influences
on cell proliferation and apoptosis triggered by miR-210-5p
mimics were significantly reversed by SOCSI1 overexpres-
sion (Fig. SF-K). Collectively, these findings suggested that
circ_400068 may regulate the proliferation of HK-2 cells
via the miR-210-5p/SOCSI signaling pathway. It was also
indicated that exosomal circ_400068 originated from the
tumor has potential as a putative non-invasive biomarker for

the prognosis of RCC, and it may affect the proliferation of
healthy kidney cells by targeting the miR-210/SOCS] axis.

Discussion

RCC is the most prevalent kidney cancer type in adults (1).
Although the diagnostic and therapeutic methods have
been improved for RCC, it remains difficult to distinguish
benign and malignant tumors (2). The pathogenesis of
RCC is complex, and the detailed mechanisms are largely
unknown.

circRNAs are potential gene regulators, which can act as
miRNA ‘sponges’ (12). Impaired circRNAs expression levels
are associated with the onset and development of nervous
system disorders and cancer (13-15). During the progres-
sion of a tumor, crosstalk between cancer cells and adjacent
healthy cells is crucial, and exosomes produced by malignant
cells serve essential roles during this process (16,19). Previous
studies have reported that exosomal circRNAs are novel
regulators of gene expression (20-22). For instance, circRNAs
are transferred into exosomes and secreted by colon cancer
cells (23).

In the present study, the circRNAs expression array
data suggested that circ_400068 was significantly
upregulated in RCC exosomes. Further functional studies
were performed to investigate the effects of exosomal
circ_400068 produced by RCC cells on the proliferation
of healthy kidney cells. Treatment with RCC-Exo promoted
the proliferation of healthy kidney cells, while cell apop-
tosis was significantly inhibited. In order to examine the
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Figure 5. circ_400068 modulates the proliferation of kidney cells via miR-210-5p/SOCS] signaling. Transfection efficiencies of (A) si-SOCSI and
(B) LV-SOCS1 were evaluated using reverse transcription-quantitative PCR. (C) Effects on HK-2 cell proliferation induced by the treatment with RCC-Exo
were significantly abolished by miR-210-5p mimics. (D) Influences on HK-2 cell apoptosis caused by RCC-Exo were significantly reversed by miR-210-5p
mimics. (E) Effects on HK-2 cell apoptotic rate induced by the treatment with RCC-Exo were significantly abolished by miR-210-5p mimics. (F) Enhanced
HK-2 cell proliferation caused by miR-210-5p inhibitors were markedly attenuated by the knockdown of SOCSI. (G) Reduced HK-2 cell apoptosis caused
by miR-210-5p inhibitors were markedly abolished by the knockdown of SOCSI1. (H) Decreased HK-2 cell apoptotic rate induced by miR-210-5p inhibitors
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the culture media of RCC cells; circ, circular RNA; OD, optical density.

detailed function of exosomal circ_400068 in tumori-
genesis, its downstream molecules were predicted, and it
was identified that a novel signaling pathway involving
a circ_400068/miR-210-5p/SOCS1 axis may regulate
the proliferation of kidney cells. miR-210 is involved in
numerous biological processes during the development of
cancer, such as apoptosis, angiogenesis and DNA damage
response, and it is considered as potential biomarker and
therapeutic target in numerous types of tumors, including
RCC (26-30). In line with the present findings, the

tumor-promoting role of SOCSI1 and its detailed regulatory
functions in colorectal cancer cells via the downstream
molecules E-cad, p53 and STAT1 have been revealed in a
previous report (31).

However, there are limitations to the present study. For
instance, the effects of sh-circ_400068 on the proliferation
and apoptosis of RCC cells in vivo could be evaluated in
future studies. Furthermore, whether circ_400068 regulates
SOCSI in a miR-210-5p-dependent manner could be inves-
tigated.
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In conclusion, the present study demonstrated that
exosomal circ_400068 was upregulated in the culture media
of RCC cells, and circ_400068 could be a novel oncogenic
factor. The crosstalk of RCC cells and adjacent healthy
kidney cells may be crucial during tumor progression,
and exosomal circ_400048 secreted by RCC cells could
serve essential roles during this process. Thus, this novel
circ_400068/miR-210-5p/SOCSI axis could be a therapeutic
candidate for the treatment of RCC.
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