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Circular RNA circSDHC serves as a sponge
for miR-127-3p to promote the proliferation
and metastasis of renal cell carcinoma via
the CDKN3/E2F1 axis
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Mi Zhou3, Danlei Chen3, Yong Fang1, Wei Chen1*, Junhang Luo1* and Jiaxing Zhang3*

Abstract

Background: There is increasing evidence that circular RNAs (circRNAs) have significant regulatory roles in cancer
development and progression; however, the expression patterns and biological functions of circRNAs in renal cell
carcinoma (RCC) remain largely elusive.

Method: Bioinformatics methods were applied to screen for circRNAs differentially expressed in RCC. Analysis of
online circRNAs microarray datasets and our own patient cohort indicated that circSDHC (hsa_circ_0015004) had a
potential oncogenic role in RCC. Subsequently, circSDHC expression was measured in RCC tissues and cell lines by
qPCR assay, and the prognostic value of circSDHC evaluated. Further, a series of functional in vitro and in vivo
experiments were conducted to assess the effects of circSDHC on RCC proliferation and metastasis. RNA pull-down
assay, luciferase reporter and fluorescent in situ hybridization assays were used to confirm the interactions between
circSDHC, miR-127-3p and its target genes.

Results: Clinically, high circSDHC expression was correlated with advanced TNM stage and poor survival in patients
with RCC. Further, circSDHC promoted tumor cell proliferation and invasion, both in vivo and in vitro. Analysis of
the mechanism underlying the effects of circSDHC in RCC demonstrated that it binds competitively to miR-127-3p
and prevents its suppression of a downstream gene, CDKN3, and the E2F1 pathway, thereby leading to RCC
malignant progression. Furthermore, knockdown of circSDHC caused decreased CDKN3 expression and E2F1
pathway inhibition, which could be rescued by treatment with an miR-127-3p inhibitor.

Conclusion: Our data indicates, for the first time, an essential role for the circSDHC/miR-127-3p/CDKN3/E2F1 axis in
RCC progression. Thus, circSDHC has potential to be a new therapeutic target in patients with RCC.
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Background
Renal cell carcinoma (RCC) comprises approximately 3%
of malignant tumors [1], and its incidence rate has been
rising over the past decade. Around 90% of RCCs are
the clear cell carcinoma (ccRCC) subtype [2]. Primary
RCC is commonly treated with radical nephrectomy;
however, despite surgical resection, approximately 30%
of patients with RCC eventually develop metastasis,
which is associated with high levels of mortality [3, 4].
During recent decades, a great variety of novel bio-
markers and their underlying mechanisms have been
discovered in RCC, and demonstrated significant rele-
vance in clinical practice [5]. Nevertheless, the develop-
ment and progression of RCC remain incompletely
understood, and more efforts are required to identify the
molecular mechanisms that promote RCC development
and progression, to facilitate better treatment of this
disease.
Circular RNAs (circRNAs) are a subclass of small

RNAs characterized by being covalently closed loops,
without a 5′ cap or 3′ poly-A tail [6, 7]. CircRNAs were
initially considered to represent ‘noise’ generated during
transcription, and to have no significant cellular func-
tions [8]. Recently, due to the wide application of high
throughput sequencing, numerous novel circRNAs have
been discovered in mammalian cells [9]. Among these
circRNAs, a large proportion have important roles in
both physiological and pathological processes, including
cancer development and progression [10]. Emerging evi-
dence shows that there is an interactive relationship be-
tween micro RNAs (miRNAs) and circRNAs, referred to
as the “miRNA sponge” effect [11]. During this process,
circRNAs trap miRNAs on specific binding sites, thus
preventing miRNA from interfering with mRNA expres-
sion. This process can mediate cancer progression [12];
for example, circMAPK4 acts as a sponge for miR-125a-
3p, which participates glioma progression via the MAPK
signaling pathway [13]. Further, circZNF609 can interact
with and downregulate miR-138-5p, promoting RCC
progression [14]; however, the biological functions and
clinical significance of circRNAs in RCC remain largely
unknown, and require elucidation.
Here, we conducted bioinformatics analysis of pub-

lished circRNA microarray data from the Gene expres-
sion omnibus (GEO, https://www.ncbi.nlm.nih.gov/gds/)
database and determined that circSDHC (hsa_circRNA_
100372) may have an oncogenic role in RCC develop-
ment and progression. By performing in vitro and
in vivo experiments, we demonstrate that circSDHC
serves as a sponge for miRNA-127-3p, thereby regulat-
ing the CDKN3/E2F1 axis. Therefore, circSDHC is a
promising potential prognostic biomarker and thera-
peutic target in patients with RCC.

Materials and methods
Cell lines and cell culture
Human RCC cell lines (A498, 786-O, 769P and Caki-1),
a human renal proximal tubular epithelial cell line
(HK2), and a human embryonic kidney cell line (HEK-
293 T), were purchased from the Chinese Academy of
Sciences. 786-O, and 769P were cultured in RPMI 1640
(Gibco, China) supplemented with 10% FBS (PAN-Sera-
tech, Germany). A498, Caki-1, HK2, and HEK-293 T
were cultured in DMEM (Gibco, China) supplemented
with 10% FBS (PAN-Seratech, Germany). The incuba-
tion environment was at 37 °C with 5% CO2. Cells were
routinely checked for mycoplasma infection during cell
culture (Beyotime, China).

ccRCC patient samples and follow-up data
A total of 140 patients with ccRCC, who underwent rad-
ical nephrectomy without neoadjuvant chemotherapy or
radiotherapy between 2002 and 2012, at the First Affili-
ated Hospital of Sun Yat-sen University (Guangzhou,
China), were recruited into the study cohort. Patients
were followed up regularly, with a median follow-up
time of 99.0 months. Overall survival (OS) was defined
as the duration from the date of surgery to the date of
patient’s death for any reason. Formalin-fixed, paraffin-
embedded (FFPE) samples of both tumor and adjacent
normal tissue, were collected from these patients for
analysis of RNA expression. Total RNA was extracted
from tissue specimens using a nucleic acid isolation kit
for FFPE (ThermoFisher, USA). Samples used in this
study were approved by the Medical Ethics Committee
of the First Affiliated Hospital of Sun Yat-sen University.

Bioinformatics analysis
Microarray datasets were obtained from GEO by search-
ing using the keywords “circRNA’” and “renal cell car-
cinoma”. Two datasets were retrieved: GSE100186,
consisting of 4 tumors and matched adjacent normal tis-
sue; and GSE137836, consisting of 3 primary tumors and
3 metastatic tumors. Arraystar Human circRNA micro-
array V2 chip info was downloaded for further analysis
reference (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GPl21825). The Cancer Genome Atlas (TCGA)
clear cell renal cell carcinoma (ccRCC) sequencing and
clinical data were downloaded from Firebrowse (http://
firebrowse.org/). R (version 3.4.3) (https://www.r-project.
org/) was used for subsequent data analysis.

RNA and gDNA extraction
Total RNA samples were extracted from cells using Tri-
zol (Invitrogen, USA) according to the manufacturer’s
instructions. Genomic DNA (gDNA) was extracted using
a genomic DNA isolation kit (Sangon Biotech, China).
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RNase R treatment, cDNA synthesis, and PCR
Aliquots of total RNA (2 μg) were incubated with or
without 3 U/μg RNase R (Epicenter Technologies, USA)
for 30 min at 37 °C and the product RNAs purified using
an RNeasy MinElute cleaning Kit (Qiagen, Germany).
Isolated RNA was first reverse-transcribed to cDNA
using the PrimeScript RT Master Mix (Takara, China)
containing random and oligo (dT) primers. Then, PCR
was performed using GoTaq Green Master Mix (Pro-
mega, USA), according to the manufacturer’s instruc-
tions. Primer sequences are provided in Additional file 1:
Table S1. PCR products were subjected to electrophor-
esis on a 2% agarose gels and visualized using Safe Green
(Biosharp, China).

Quantitative RT-PCR (qRT-PCR)
For qRT-PCR assays, 2X SYBR Green Pro Taq HS Pre-
mix II (AGbio, China) was used and reactions were con-
ducted on QuantStudio 5 real-time-PCR instruments
(ThermoFisher, USA). Primer sequences are provided in
Additional file 1: Table S1. CircRNA and mRNA levels
were normalized to those of GAPDH, while miRNA
levels were normalized to those of small nuclear U6.
The 2−ΔΔCt method was used to calculate relative ex-
pression levels.

Actinomycin D assay
Cells were cultured with or without 2 μg/ml actinomycin
D (Sigma, USA) in medium. Then, the cells were har-
vested at different time points, followed by RNA extrac-
tion and qRT-PCR detection of RNA stability, as
described above.

Fluorescence in situ hybridization (FISH)
Cy3-labeled circSDHC and FAM-labeled miRNA-127-3p
probes were synthesized by RiboBio (China). A Fluores-
cent in Situ Hybridization Kit (RiboBio, China) was used
to hybridize the probes to cells. Images were captured
on a confocal laser scanning microscope (FV1000;
Olympus, Japan).

Western blot
Cells were harvested and lysed on ice in RIPA buffer
(ThermoFisher, USA) containing proteinase inhibitor
(Beyotime, China). Then, lysates were incubated on ice
for 15 min before being centrifuged for 15 min (13,000
RPM, 4 °C). Supernatants were collected and protein
concentration measured using a BCA protein assay kit
(ThermoFisher, USA). Protein samples (20 μg) were
loaded in each lane of SDS-PAGE gels. After electro-
phoresis, proteins were transferred onto PVDF mem-
branes, which were blocked in non-fat milk. Then,
membranes were incubated overnight at 4 °C with pri-
mary antibody, and subsequently with secondary

antibody for 1 h at room temperature. Hybridizations
were detected using a western blot substrate kit (Tanon,
China) on a FluorChem E System (ProteinSimple, USA).
Antibodies used in western blots were as follows:
CKDN3 (1:1000 dilution, Abcam, USA), E2F1 (1:1000 di-
lution, Cell signaling, USA), GAPDH (1:1000 dilution,
Cell signaling, USA), CDK1 (1:1000 dilution, Thermo-
Fisher, USA), CDK2 (1:1000 dilution, ThermoFisher,
USA), HRP-conjugated goat anti-mouse (1:5000 dilution,
Proteintech, China), and HRP-conjugated goat anti-
rabbit antibody (15,000 dilution, Proteintech, China).

Plasmid construction and siRNA interference assay
For circSDHC over-expression plasmids, human
circSDHC cDNA was synthesized and cloned into a
pLVX-cir vector (Genomeditech, China); empty vector
was used as the negative control. For siRNA assays, two
targeting siRNAs and one scrambled siRNA (negative
control) were synthesized by RiboBio (China) (Add-
itional file 1: Table S1). Both overexpression plasmid
and siRNAs were transfected using Lipofectamine 3000
(Invitrogen, USA), according to the manufacturer’s in-
structions. Functional assays were carried out 48 h after
transfection. Protein and RNA were harvested 48 h after
transfection.

Pull-down assay with biotinylated circSDHC
A biotinylated probe targeting the junction area of
circSDHC was synthesized (RiboBio, China); an oligo
probe served as the negative control. Briefly, to generate
probe-coated beads, probes were incubated with strepta-
vidin magnetic beads (Invitrogen, USA) at room
temperature for 2 h. Then, the probe-coated beads were
mixed with cell lysates overnight at 4 °C. After centrifu-
ging to wash the beads, pulled down miRNAs were ex-
tracted using Trizol (Invitrogen, USA) and subjected to
qRT-PCR.

Pull-down assay with biotinylated miRNA
Biotinylated miR-127-3p and scrambled negative control
miRNA were synthesized (RiboBio, China). Biotinylated
miRNAs were transfected into cells using Lipofectamine
3000 (Invitrogen, USA), then cell lysates collected 48 h
after transfection and incubated with streptavidin mag-
netic beads (Invitrogen, USA) at room temperature for
2 h. After centrifuging to wash the beads, pulled down
circRNAs were extracted using Trizol (Invitrogen, USA)
and subjected to qRT-PCR.

Luciferase reporter assay
Twenty-four hours before transfection, 3 × 103 HEK-
293 T cells per well were seeded in 96-well plates. A
mixture of 50 ng luciferase reporter vectors, 5 ng Renilla
luciferase reporter vectors (pRL-TK), and different
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miRNA mimics were co-transfected into the cells. After
48 h of incubation, luciferase activity was measured
using a dual luciferase reporter assay kit (Promega,
USA) on a Varioskan LUX machine (Thermo, USA). Lu-
ciferase values were normalized to those of correspond-
ing Renilla luciferase, and fold-changes in luciferase
values calculated.

Cell migration and invasion assays
Transwell assays were used to evaluate the invasion and
migration ability of cells in vitro. Prior to assays, cells
were starved by culture in serum-free medium for 8 h.
Then, cells were collected, adjusted to a concentration
of 1 × 105 in 100 μl of serum-free medium, and added to
transwell inserts (Corning, USA), which were coated
with (in the invasion assay) and without (in the migra-
tion assay) 2% Matrigel (Corning, USA). Medium sup-
plemented with 10% FBS was added to the lower
chamber as a nutritional attractant. After incubation (8 h
for migration assay and 16 h for invasion assay), trans-
well inserts were collected, fixed with 4% polyformalde-
hyde (Beyotime, China), and stained with 0.4% crystal
violet (Beyotime, China) for 20 min. Cells on the upper
surface were wiped out with a cotton swab, and invaded/
migrated cells calculated by capturing five random fields
under an Olympus IX83 inverted microscope (Japan).

MTT assay
For MTT assays, 1 × 103 cells were seeded in each well of
a 96-well plate and incubated for a specific period of time.
At the harvesting time point, 10 μl of 5 mg/ml MTT
(Beyotime, China) was added to each well and incubated
for 2 h. Then, the medium was aspirated and 100 μl of
DMSO (MP Biomedicals, USA) added to each well,
followed by brief shaking to dissolve the crystals, and
measurement of absorbance at a wavelength of 490 nm.

Hematoxylin and eosin (HE) and immunohistochemistry
(IHC) staining
These procedures were performed as described previously
[15, 16]. Antibodies used for IHC were as follows: CDKN3
(1:100 dilution, ThermoFisher, USA) and E2F1 (1:100 di-
lution, ThermoFisher, USA). Paraffin sections (thickness,
5 μm) were used for staining. Images were captured with
an Olympus IX83 inverted microscope (Japan). Patho-
logical samples were evaluated and scored separately by
two qualified pathologists. The IHC scoring is as follows:
0 for no staining, 1+, 2+, 3+ and 4+ for 1–24, 25–49%,
50–74% and over 75% staining intensity, respectively.

Animal experiments
All animal care and experimental procedures were con-
ducted according to the guidelines of the National Insti-
tutes of Health, and were approved by the Institutional

Animal Care and Use Committee of Sun Yat-sen Uni-
versity. BALB/c nude mice (3–4 weeks old) were pur-
chased from Vital River Laboratory Animal Technology
(China). Stable transfection of control vector and
circSDHC shRNA was performed in the 786-O cell line,
which was subsequently used for animal studies. For the
metastasis experiment, there were eight mice per group.
Cells (1 × 106) transfected with control vector or shRNA
were injected via tail veins. Mouse body weights were
measured weekly. All mice were euthanized after 8
weeks and lung tissues collected and subjected to HE
staining. Images were captured using an Olympus IX83
inverted microscope (Japan) and lung metastatic foci
were counted in each sample. For the tumor growth
study, eight mice were used in each group. Cells (5 ×
106) transfected with control vector or shRNA were in-
oculated subcutaneously into the left side of the body.
Tumor size was measured weekly. All mice were eutha-
nized after 4 weeks and subcutaneous tumors were dis-
sected and collected. Final tumor weights were
measured and tumor samples were subjected to HE and
IHC staining.

Statistical analysis
All statistical analyses were conducted using GraphPad
Prism version 7.0 and R (version 3.4.3) (https://www.r-
project.org/). The student’s t-test was used for compari-
sons between two experimental groups. Pearson coeffi-
cients were calculated to assess correlations. Survival
analysis was performed using Kaplan–Meier curves, with
application of the logrank test to calculate statistical sig-
nificance. Univariate and multivariate hazard ratios
(HRs) were calculated using Cox regression. All quanti-
tative experimental data are from at least three repeated
experiments and are presented as mean ± SD. All p
values < 0.05 were considered significant (*P < 0.05; **P
< 0.001; ***P < 0.0001).

Results
Oncogenic circRNA discovery and characterization of
circSDHC in RCC
Two GEO datasets (GSE137836 and GSE100186) from
circRNA microarray chips analyzing human tissue sam-
ples were used to investigate the role of circRNA in
RCC development and progression. The GSE137836
dataset was from three primary and three metastatic tu-
mors, while GSE100186 includes data from four tumors
and matched adjacent normal tissue. After analysis of
differentially expressed genes, circRNAs with log2 fold-
change > 1 or < − 1, and p < 0.05 were selected, illus-
trated in the volcano plot (Fig. 1a). Commonly altered
circRNAs that overlapped across the two datasets, repre-
senting a consistent regulatory pattern in RCC, were ex-
tracted, yielding a subset of 434 circRNAs (Fig. 1b). To
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Fig. 1 Oncogenic circRNAs discovery and characterization of circSDHC in RCC. a. Volcano plot of GSE137836 and GSE100186. Compared to the
primary tumors (in GSE137836) and adjacent normal tissue (in GSE100186), red dots represent significantly up-regulated circRNAs, while green
dots represent significantly down-regulated circRNAs. Grey dots represent circRNAs that are not significant. b. Venn plot of the two datasets.
Common circRNAs with p < 0.05, |log2 (fold change)| > 1 are chosen. c. Heatmaps of the two datasets. The red color represents high expression
whereas the blue color represents low expression. d. Schematic illustration of the circSDHC formation from SDHC gene in the chromosome 1.
The back splicing junction was verified by Sanger sequencing. Black arrow indicates the specific junction. e. The expression level of circSDHC in
normal kidney cell line HK2 and different RCC cell lines, measured by qRT-PCR. f. The existence of circSDHC was confirmed by RT-PCR and gel
electrophoresis using convergent and divergent primers. circSDHC can only be amplified in cDNA. GAPDH serves as control. g. Stability of
circSDHC and linear SDHC was assessed by RNase treatment followed by qRT-PCR. h. Stability of circSDHC and linear SDHC was assessed by
Actinomycin D treatment followed by qRT-PCR at different time points. i. Cellular localization of circSDHC was detected by FISH. Nuclear was
label with DAPI dye. The majority of circSDHC is within the cytoplasm. Data are mean ± SD, n = 3
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focus on circRNAs with the most oncogenic potential,
those located on chromosomes regions frequently ampli-
fied in RCC were identified (Additional file 2: Table S2).
Subsequently, the 20 most significantly up-regulated
circRNAs (log2 fold-change > 2) were selected (Add-
itional file 3: Table S3) and heatmaps of the expression of
these circRNAs in the two datasets were plotted (Fig. 1c).
Next, the selected 20 most up-regulated circRNAs

were validated in our patient cohort by evaluation of
their expression patterns by qRT-PCR. The results for
circSDHC which had higher expression in the tumor
compared to adjacent normal tissues, were the most
consistent across our cohort (Additional file 4: Fig. S1A),
with up-regulation in patients who eventually developed
metastasis (Additional file 4: Fig. S1B), and an associ-
ation with poor patient overall survival (Additional file 4:
Fig. S1C). Correlation analysis demonstrated that
circSDHC expression was associated with clinicopatho-
logical parameter TNM stage (Table 1). Further, both
univariate and multivariate Cox analysis indicated that
higher circSDHC expression was associated with un-
favorable survival outcomes (univariate HR: 3.3, 95% CI:
1.8–6.2; multivariate HR: 2.9, 95% CI: 1.5–5.6) (Table 2).
CircSDHC (Arraystar ID: hsa_circRNA_100372, cir-

cBase ID: hsa_circ_0015004) is derived from the SDHC
gene on chromosome 1, resulting from back-splicing of
exons 2, 3, 4, and 5 (385 bp). We conducted Sanger se-
quencing to confirm the back-splicing junctions of
circSDHC (Fig. 1d). Compared with the normal kidney
epithelial cell line HK2, four RCC cell lines (Caki-1,
A498, 786-O, 769P) showed elevated circSDHC expres-
sion (Fig. 1e). PCR analysis confirmed that divergent
primers could amplify the circSDHC from reverse-
transcribed RNA (cDNA), but not from gDNA (Fig. 1f).

Furthermore, circSDHC was more resistant to RNase R
treatment, while SDHC mRNA was significantly de-
graded by this treatment (Fig. 1g). CircSDHC also had
longer half-life than SDHC mRNA, as confirmed by acti-
nomycin D treatment (Fig. 1h). In addition, the subcellu-
lar localization of circSDHC in 786-O cells was analyzed
using a FISH assay, demonstrating that the majority of
circSDHC localized to the cytoplasm (Fig. 1i).

CircSDHC promotes RCC proliferation and aggression
To evaluate the biological roles of circSDHC in RCC, we
conducted functional assays. To manipulate circSDHC
expression, siRNAs targeting the back-splicing junction
were constructed (Fig. 2a). Using the siRNAs, expression
of circSDHC was successfully knocked down in two
RCC cell lines (786-O and A498) with the highest
circSDHC levels, without altering expression of the lin-
ear form of SDHC mRNA (Fig. 2b). Knockdown of
circSDHC significantly decreased the migratory and in-
vasive ability of 786-O and A498 cells (Fig. 2c, e). Fur-
ther, proliferation of these cells was also suppressed on
knockdown of circSDHC (Fig. 2d, f). To further investi-
gate its function, a circSDHC overexpression vector was
constructed, which significantly up-regulated circSDHC
levels in another RCC cell line, 769P, which had rela-
tively lower circSDHC abundance among the RCC cell
lines (Fig. 2g). Consistent with findings from knockdown
experiments, the migration, invasion, and proliferation
rates of 769P cells were increased on overexpression of
circSDHC (Fig. 2h, i). Additionally, we also tested the ef-
fect of circSDHC overexpression in normal kidney prox-
imal tubular epithelial cell line HK2. The result showed
that circSDHC could also promote malignancy in nor-
mal kidney cells, evidenced by increased growth, migra-
tion and invasion ability in HK2 after overexpression of
circSDHC (Additional file 4: Fig. S1D-F).

The tumor suppressor, miR-127-3p, is a target of
circSDHC in RCC
A well-recognized function of circRNAs in cytoplasm is
as sponges that regulate miRNA expression [17]. As our
data indicated that circSDHC localizes to the cytoplasm,
we attempted to determine whether it could function as
a miRNA sponge. First, downstream miRNAs that may
be regulated by circSDHC were predicted using two da-
tabases: the Cancer-specific circRNAs database (CSCD,
http://gb.whu.edu.cn/CSCD/) and the Encyclopedia of
RNA Interactomes (ENCORI, http://starbase.sysu.edu.
cn/index.php). Four miRNAs, including miR-3612, miR-
650, miR-519a-3p, and miR-127-3p, were identified as
potential targets of circSDHC in both databases (Fig. 3a).
To further evaluate the relationship between circSDHC
and miRNAs, a biotin-labeled circSDHC probe was con-
structed, and qRT-PCR confirmed that the probe could

Table 1 Association of circSDHC expression with
clinicopathological characteristics in 140 ccRCC patients

Parameter Total circSDHC expression p value

High Low

Age(y)

< 60 101 46 55 0.132

≥ 60 39 24 15

Gender

Female 42 23 19 0.580

Male 98 47 51

TNM stage

I 109 46 63 0.001

II-III 31 24 7

Fuhrman grade

1+ 2 88 39 49 0.115

3+ 4 52 31 21
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Table 2 Univariate and multivariate Cox regression analyses of dfifferent parameters on overall survival

Parameter Univariate Analysis Multivariate Analysis

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

Age (≥ 60 vs. < 60 yr) 1.049 (1.020-1.078) <0.001 1.041 (1.013-1.071) 0.004

Gender (Female vs. male) 1.692 (0.734-3.898) 0.217 – –

TNM stage (II-III vs. I) 2.398 (1.477-3.894) <0.001 1.405 (0.810-2.438) 0.226

Fuhrman (3+ 4 vs. 1+ 2) 2.074 (1.242-3.463) 0.005 1.689 (0.958-2.976) 0.070

Surgery type (Open vs. laparoscopy) 0.525 (0.251-1.100) 0.088 – –

circSDHC expression (High vs. low) 3.324 (1.777-6.217) <0.001 2.916 (1.508-5.637) 0.002

HR=hazard ratio. CI= confidence interval

Fig. 2 CircSDHC promotes the proliferation and aggressiveness of RCC. a. Target sites of siRNAs used in the knockdown experiment. Both siRNAs
target back-splice junction of circPRMT5. b. The knockdown efficiency was measured by qRT-PCR in 786-O and A498 cell lines. c and e. Cell
migration and invasion abilities of 786-O and A498 transfected with circSDHC siRNAs or control vector. Number of cells migrated or invaded was
determined by counting the cells on five random microscopic field and calculating the mean. Level of migration and invasion were normalized
to the control vector group. d and f. Cell proliferation ability of 786-O and A498 transfected with circSDHC siRNAs or control vector. The relative
proliferative rate at different time points were normalized to day 0. g. The overexpression plasmid of circSDHC or control vector were transfected
into 769P cell line, and expression level of circSDHC was measured by qRT-PCR. h. Cell migration and invasion abilities of 769P transfected with
overexpression plasmid or control vector. i. Cell proliferation abilities of 769P transfected with overexpression plasmid or control vector. Data are
mean ± SD, n = 3
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specifically pull down the circSDHC, compared with a
control oligo probe (Fig. 3b, c). Next, miRNAs binding
to circSDHC in 786-O and A498 cells were pulled down
using this probe. Subsequent qRT-PCR confirmed that
miR-127-3p could bind to circSDHC in both 786-O and
A498 cells (Fig. 3d). Next, we conducted luciferase re-
porter assays to validate the binding experiments, and
the results confirmed the previous findings (Fig. 3e).
Further, biotin-labeled miR-127-3p captured more
circSDHC than a negative control probe (Fig. 3f) and
FISH analysis in 786-O cells showed that circSDHC and
miR-127-3p were co-localized in the cytoplasm (Fig. 3g).
Furthermore, analysis of our ccRCC patient data showed

a negative correlation between miR-127-3p and
circSDHC (Fig. 3h). These results demonstrate that
circSDHC can bind to miR-127-3p and act as a sponge
for miR-127-3p.
According to TCGA ccRCC database, miR-127-3p ex-

pression is lower in tumor tissues of ccRCC, compared
to normal tissue (Additional file 5: Fig. S2A). Moreover,
it has previously been reported that lower expression of
miR-127-3p correlates with early relapse in patients with
RCC following nephrectomy [18]. These data suggested
that miR-127-3p may have an inhibitory role in RCC de-
velopment and progression. We also had similar obser-
vations in our patient cohort, where lower miR-127-3p

Fig. 3 Tumor suppressor miR-127-3p is a target of circSDHC in RCC. a. Four miRNAs were predicted as the potential target of circSDHC in CSCD
and ENCORI databases. b and c. Relative expression detected by qRT-PCR and gel electrophoresis of circSDHC in 786-O and A498 lysates after
RNA pull down with circSDHC specific probe or oligo probe. Expression levels were normalized to oligo probe. GAPDH was used as negative
control. d. Relative levels of candidate miRNAs were detected by qRT-PCR after being pull down by circSDHC probe or oligo probe. e. Luciferase
reporter assay of 786-O with Luc-vector, Luc-circSDHC or Luc-circSDHC-mutant co-transfected with different candidate miRNAs. f. Relative level of
circSDHC was detected by qRT-PCR after being pull down by miR-127-3p probe or oligo probe. g. Cellular localization of miR-127-3p (FAM) and
circSDHC (Cy3) detected by FISH. Nuclear was label with DAPI dye. h. circSDHC expression was negatively correlative with miR-127-3p in our own
patient cohort (n = 140). i and k. Cell migration and invasion abilities of 786-O and A498 transfected with mimics miR-127-3p or mimics NC. j and
l. Cell proliferation ability of 786-O and A498 transfected with mimics miR-127-3p or mimics NC
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expression was detected in tumor tissues than in adja-
cent normal adjacent tissues (Additional file 5: Fig. S2B).
Further, patients who eventually developed distal metas-
tasis had lower miR-127-3p expression in the tumor
(Additional file 5: Fig. S2C). Moreover, lower miR-127-
3p was correlated with unfavorable OS (Additional file 5:
Fig. S2D). Consistent with these findings, overexpression
of miR-127-3p in 786-O and A498 cells resulted in de-
creases in both aggression and proliferation (Fig. 3i-l).

miR-127-3p inhibits RCC progression through
downregulation of the CDKN3/E2F1 axis
Next, the ENCORI database was used to determine
target genes and downstream pathways regulated by
miR-127-3p. Cyclin dependent kinase inhibitor 3
(CDKN3) was identified as a potential candidate gene
regulated by miR-127-3p, with the binding classified
as 7mer-m8 (Fig. 4a). Additionally, we conducted dual
luciferase reporter assays, where vector containing
wild-type CDKN3 sequence was co-transfected with
miR-127-3p mimics, resulting in a reduction of lucif-
erase activity by more than 50%. In contrast, transfec-
tion of a vector containing a mutant CDKN3
sequence had no impact on luciferase activity (Fig.
4b). Western blot assays confirmed this regulation
(Fig. 4c). Moreover, in our patient cohort, we de-
tected a negative relationship between miR-127-3p
and CDKN3 expression levels (Additional file 6: Fig.
S3A). These results indicate that miR-127-3p can in-
hibit RCC progression through downregulation of
CDKN3.
According to the Gene Expression Profiling Interactive

Analysis (GEPIA) database (http://gepia.cancer-pku.cn/
index.html) [19], CDKN3 is expressed at higher levels in
tumor samples than in normal tissue, and its levels were
positively correlated with pathologic stage, and could
predict unfavorable OS and disease-free survival out-
comes in the ccRCC TCGA dataset (Additional file 6:
Fig. S3B-E). CDKN3 knockdown in RCC cells led to a
lower proliferation rate and diminished migration and
invasion abilities (Fig. 4d-g). To predict the pathway in-
volved downstream of CDKN3, we used Gene Set En-
richment Analysis (https://www.gsea-msigdb.org/gsea/
index.jsp) [20, 21]. The results suggested E2F1 as a po-
tentially involved pathway (Fig. 4h). E2F1 is a potent
transcription regulator that participates in the develop-
ment of many different types of cancer [22–25], and a
previous paper reported that E2F1 is also involved in
ccRCC progression [26]. GEPIA prediction indicated a
positive correlation between CDKN3 and E2F1 levels
(Fig. 4i) and western blot analysis following CDKN3
knockdown in 786-O and A498 cells confirmed this rela-
tionship (Fig. 4j-k).

circSDHC regulates CDKN3/E2F1 and promotes RCC
progression by acting as a sponge for miR-127-3p
To investigative whether circSDHC promotes RCC pro-
gression through its sponge effect on miR-127-3p, an
miR-127-3p inhibitor and mimic were used to perform
rescue experiments following circSDHC depletion or
overexpression. Knockdown of circSDHC inhibited the
aggression and proliferation of 786-O cells; however, the
inhibition could be rescued by application of an miR-
127-3p inhibitor (Fig. 5a, c). Similar effects were ob-
served in 769P cells overexpressing circSDHC, which ex-
hibited increased aggression and proliferation that could
be attenuated by miR-127-3p mimic (Fig. 5b, d). West-
ern blot assays also showed results consistent with the
observed functional changes, where the CDKN3 and
E2F1 pathway was less activated upon transfection of
circSDHC siRNA, and could be rescued by administra-
tion of miR-127-3p inhibitor in 786-O cells (Fig. 5e). In
contrast, the CDKN3/E2F1 pathway could be activated
by transfection with the circSDHC overexpression vector
and this effect was diminished by introduction of miR-
127-3p mimic into 769P cells (Fig. 5f). Additionally,
since CDKN3 is an important regulator of CDK1 and
CDK2, we also tested the effect of circSDHC on CDK1
and CDK2. Our result proved that knockdown of
circSDHC caused downregulation of CDKN3 and fur-
ther decreased the expression of CDK1 and CDK2 (Add-
itional file 6: Fig. S3F, G).

Knockdown of circSDHC inhibits RCC tumor progression
in vivo
To evaluate the oncogenic effect of circSDHC in vivo,
786-O cells were stably transfected with an shRNA tar-
geting circSDHC, while cells transfected with a scram-
bled vector were used as a negative control (Fig. 6a).
Mice injected with circSDHC knockdown cancer cells
demonstrated less cachexia than the control group, as
represented by changes in mouse body weight (Fig. 6b).
After 8 weeks, mice in the experimental and control
groups were euthanized and lung tissues collected. On
both gross and microscope examination, lungs from
mice injected with circSDHC knockdown cancer cells
had less metastatic foci than controls (Fig. 6c). Further,
evaluation of subcutaneous tumor formation demon-
strated that the circSDHC knockdown group had signifi-
cantly lower overall mean tumor volume (Fig. 6d) and
tumor weight (Fig. 6e) than the control group. IHC ana-
lysis of these subcutaneous tumors revealed that CDKN3
and E2F1 expression levels were decreased in the
circSDHC knockdown group (Fig. 6f), and the IHC
scores of CDKN3 and E2F1 were significant between
two groups (Fig. 6g). These results demonstrate that
knockdown of circSDHC inhibits RCC tumor progres-
sion in vivo.
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Discussion
circRNAs were once considered noise generated by tran-
scription, with no significant biological function [8];
however, the development of high-throughput sequen-
cing has revealed that there are actually a great variety
of functional circRNAs in mammalian cells [9]. Cir-
cRNAs have unique functions in regulation of gene ex-
pression [9], and can influence the development and
progression of many different types of cancer [13, 27–
32]. Increasing numbers of circRNAs are being identified
as potentially promising biomarkers [5]; however, the

functions of circRNAs in RCC remain largely unknown,
and warrant further exploration.
In our study, we first acquired circRNA microarray

data from the GEO database: one dataset comparing tu-
mors and adjacent normal tissue, and the other one
compared primary tumors with matched metastatic le-
sions. Using filtering steps, we identified a number of
circRNAs located on chromosomes that are frequently
amplified in ccRCC, as having substantial oncogenic po-
tential. After testing in our own patient cohort,
circSDHC emerged as the most consistently associated

Fig. 4 miR-127-3p inhibits RCC progression through downregulation of CDKN3/E2F1 axis. a. The binding site between miR-127-3p (orange) and
CDKN3 (blue) predicted by ENCORI. b. Luciferase reporter assay of 786-O with Luc-CDKN3-wt or Luc-CDKN3-mut co-transfected with mimics miR-
127-3p or mimics NC. c. Western blot of CDKN3 levels after 786-O cells were treated with miR-127-3p inhibitor, mimics miR-127-3p or negative
control. d and f. Cell migration and invasion abilities of 786-O and A498 transfected with CDKN3 siRNAs or control vector. e and g. Cell
proliferation ability of 786-O and A498 transfected with CDKN3 siRNAs or control vector. h. GSEA analysis of E2F1 pathway in TCGA patients with
high and low CDKN3 expression (NES, normal enrichment score; FDR, false discovery rate). i. Correlation analysis between CDKN3 and E2F1 from
GEPIA website (TCGA dataset, n = 523). j and k. Western blot of CDKN3 and E2F1 levels after 786-O and A498 cells were transfected with CDKN3
siRNAs or control vector
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circRNA, exhibiting higher expression in ccRCC tissue
and correlation with unfavorable outcomes. In mechan-
istic experiments, circSDHC was found to downregulate
mir-127-3p expression via a sponge effect, thereby acti-
vating the CDKN3/E2F1 pathway, and promoting RCC
cell proliferation and metastasis. Moreover, in vivo ani-
mal studies confirmed the oncogenic characteristics of
circSDHC. To our best knowledge, this is the first report
on the expression and regulatory function of circSDHC
in RCC.
There is accumulating evidence supporting the role of

circRNAs as sponges for miRNAs in mediating various
biological functions [17]. Notably, previous studies have

demonstrated that circRNA cytoplasmic localization is
closely associated with miRNA sponge effects. In the
present study, we confirmed that circSDHC was pre-
dominantly distributed in the cytoplasm by FISH ana-
lysis and used two databases (CSCD and ENCORI) to
predict miRNAs potentially bound by circSDHC. Subse-
quently, we used a biotin-labeled probe targeting
circSDHC and luciferase reporter assays to confirm that
miR-127-3p is a target of circSDHC. Further, analysis of
TCGA dataset and data from our own patient cohort
showed lower expression of miR-127-3p in tumor, com-
pared with normal tissues. Our findings are consistent
with previous studies, which proved that miR-127-3p

Fig. 5 circSDHC regulates CDKN3/E2F1 and promotes RCC progression by the sponge effect towards miR-127-3p. a. Cell migration and invasion
abilities of 786-O transfected with control vector, circSDHC siRNA alone or circSDHC siRNA plus miR-127-3p inhibitor. b. Cell migration and
invasion abilities of 769P transfected with control vector, circSDHC overexpression plasmid alone or circSDHC overexpression plasmid plus miR-
127-3p mimics. c. Cell proliferation ability of 786-O transfected with control vector, circSDHC siRNA alone or circSDHC siRNA plus miR-127-3p
inhibitor. d. Cell proliferation ability of 769P transfected with control vector, circSDHC overexpression plasmid alone or circSDHC overexpression
plasmid plus miR-127-3p mimics. e. Western blot of CDKN3 and E2F1 levels after 786-O transfected with control vector, circSDHC siRNA alone or
circSDHC siRNA plus miR-127-3p inhibitor. f. Western blot of CDKN3 and E2F1 levels after 786-O transfected with control vector, circSDHC
overexpression plasmid alone or circSDHC overexpression plasmid plus miR-127-3p mimics
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functions as a tumor suppressor in several different can-
cers, including osteosarcoma [33], oral squamous cell
carcinoma [34], and prostate cancer [35].
We also identified CDKN3 and its downstream E2F1

pathway as a target of miR-127-3p. CDKN3, as a CDK1
and CDK2 inhibitor protein, is traditionally considered a
negative regulator of cell cycle progression [36]. Despite
the negative regulatory effects of CDKN3 on CDK1 and
CDK2, an oncogenic role for aberrant overexpression of
CDKN3 has been implicated in numerous types of hu-
man cancer, including prostate cancer [37], gastric can-
cer [38], nasopharyngeal carcinoma [39], and esophageal
cancer [40]. In esophageal cancer, CDKN3 influences
cancer progression by promoting the cell cycle and
chemo-resistance [40]. Moreover, CDKN3 can act as a
positive regulator of CDK and Cyclin in certain cancer
type, including gastric cancer, ovarian cancer and
esophageal cancer [38, 41, 42]. Our data showed similar
result, in which CDKN3 can upregulate the expression

of CDK1 and CDK2. Further, the downstream E2F1
pathway is well-established as oncogenic, as it promotes
the growth and metastasis of multiple cancer types [22–
25]. Specifically, E2F1 promotes tumor malignancy and
correlates with TNM stage in ccRCC [26]. Therefore, we
predicted that the CDKN3/E2F1 pathway may be a tar-
get of circSDHC and miR-127-3p. According to the re-
sults of bioinformatics analysis, dual luciferase reporter
assays, and rescue experiments, we verified a novel regu-
latory axis comprising circSDHC/miR-127-3p/CDKN3/
E2F1 in RCC.

Conclusion
In summary, our study demonstrates that circSDHC is
overexpressed in ccRCC and that its overexpression is
correlated with inferior survival. Further, circSDHC pro-
motes ccRCC progression and metastasis by acting as a
sponge for miR-127-3p, which is a tumor suppressor
that downregulates the activity of CDKN3/E2F1 axis.

Fig. 6 Knockdown of circSDHC inhibits the progression of RCC tumor in vivo. a. Stable circSDHC knockdown 786-O cell line establishment.
Relative expression levels of linear SDHC and circSDHC were measured by qRT-PCR. Expression level were normalized to control vector group. b.
Weekly mice body weight change in the metastasis experiment. 1 × 106 stable circSDHC knockdown or control 786-O cells were injected via tail
vein (n = 8 in each group). c. Representative images of gross and microscopic HE stain of the tumor-infiltrated lung (left). The metastatic foci in
each mouse from two groups were counted under microscope and summarized (right). d. The picture of the gross tumors in dissected from
subcutaneous xenograft model (left). 5 × 106 stable circSDHC knockdown or control 786-O cells were inoculated subcutaneously into the left side
of the body. (n = 8 in each group). Weekly tumor volume change was recorded and showed (right). e. The final tumor weights in the
subcutaneous xenograft model. f. HE and IHC staining of the tumors from subcutaneous xenograft model. g. Summary and statistical analysis of
CDKN3 and E2F1 IHC scores
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These results suggest that circSDHC is a potential novel
biomarker and therapeutic target in ccRCC.
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