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ABSTRACT
The biological functions of circTLK1 in acute kidney injury (AKI), which mainly results from renal 
ischemia-reperfusion (IR), remain largely unknown. HK-2 cell treatment with oxygen and glucose 
deprivation, reoxygenation, and glucose (OGD/R) was used to simulate an AKI model that was 
mainly caused by renal IR. Then, the circTLK1 expression level in HK-2 cells treated with OGD/R 
was assessed by quantitative reverse transcription polymerase chain reaction (RT-qPCR). Functional 
experiments were performed with circTLK1 knockdown of HK-2 cells via Cell Counting Kit-8 (CCK8), 
flow cytometry (FCM), RT-qPCR, and western blotting. The circTLK1-miRNAs-mRNAs network was 
constructed following the ceRNA mechanism and visualized by Cytoscape software to investigate 
the mechanism of circTLK1 in AKI. RT-qPCR was performed to verify the relationship between 
circTLK1, miR-136-5p, and Bcl2. The level of miR-136-5p was knocked down to ensure its function 
in OGD/R-triggered apoptosis through experiments, including CCK8, FCM, RT-qPCR, and western 
blotting. CircTLK1 was downregulated in HK-2 cells subjected to OGD/R treatment and in mouse 
kidney tissues after renal IR, but the expression of miR-136-5p was the opposite. Interference with 
circTLK1 expression accelerated HK-2 cell apoptosis, which was overturned by miR-136-5p 
inhibitors. CircTLK1 targets miR-136-5p to upregulate Bcl2 expression and attenuate apoptosis in 
HK-2 cells. These data revealed the possible role of circTLK1 as a new biomarker for diagnosis as 
well as a target in AKI through the miR-136-5p/Bcl2 signaling axis.

Introduction

Clinically, the etiology of acute kidney injury (AKI) mainly 
includes sepsis, ischemia-reperfusion (I/R) injury, and the 
application of various endogenous and exogenous nephro-
toxic drugs [1, 2]. Pathologically, AKI is characterized by 
excessive inflammatory cell infiltration, massive inflammatory 
factor production, and fatal renal tubule injuries, leading to 
the loss of renal tubule function and cell death, including 
necrosis and apoptosis [3–5]. AKI may significantly influence 
the occurrence and development of chronic kidney disease 
(CKD) in addition to the acute consequences of a high death 
rate [6, 7]. Many studies have revealed that maladaptation or 
incomplete repair caused renal fibrosis, eventually leading to 
CKD development [8]. Creatinine and urea levels are used to 
diagnose AKI; however, studies have revealed that inade-
quate creatinine and urea levels delay the AKI diagnosis with 
markers. These markers and urine volume are insufficient to 

predict AKI, thus efforts are needed to establish new and 
more sensitive biomarkers. The new markers could improve 
diagnostic accuracy in the early stages of the disease, allow-
ing for early prevention and treatment, ultimately leading to 
a reduced need for kidney replacement therapy as well as 
mortality. Therefore, the study of the molecular mechanisms 
underlying AKI should be strengthened [4].

CircRNA is an extraordinary type of RNA that directly and 
covalently combines the 5′ and 3′ ends to form a closed 
single-stranded circular structure that is conserved, stable, 
and tissue-specific. CircRNAs can control the targeted genes 
through RNA-binding proteins or microRNA (miRNA) sponges 
[9, 10]. Additionally, circRNAs can directly translate into pro-
teins or peptides that control cell function [11]. CircRNAs are 
related to the physiological and pathological development of 
many human organisms [12]. Accumulating research has 
revealed that circRNAs are involved in AKI, such as circ-ZNF609 
[13], Circ_35953 [14], and circRNA_45478 [15]. However, a 
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large number of circRNAs with unknown functions that are 
awaiting to be characterized remains AKI.

CircTLK 1 (circbase ID: hsa_circ_0004442) originates from 
the reverse splicing of TLK1 mRNA. Song YF [16] revealed 
that circTLK 1 targets miR-214/RIPK 1 through the tumor 
necrosis factor signaling pathway to aggravate myocardial I/R 
injury. Wu et  al. revealed that circTLK 1 [17] aggravated neu-
ronal injury and neurological function deficits after ischemic 
stroke through miR-335-3p/TIPARP; however, the role of 
circTLK 1 in renal ischemia in perfuse-induced AKI has not 
been reported, thus whether circTLK 1 plays a role in renal 
ischemia in perfuse-induced AKI remains to be explored.

Materials and methods

Cell culture

Guangzhou Cellcook (Guangzhou, China) provided HK-2 cells 
(#CC4008) and HEK 293 T cells (#CC4003). HK-2 cells and HEK 
293 T cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) (Gibco, C11995500BT) supplemented with 
10% fetal bovine serum (FBS; BI, C38010050). An 
oxygen-glucose deprivation/reoxygenation (OGD/R) cell 
model was created based on the previous method [18]. In a 
nutshell, HK-2 cells were treated with OGD for 6, 12, and 24 h 
in glucose-free Earle’s balanced salt solution (BSS) at 37 °C. 
Then, they were re-cultured in DMEM with 10% FBS in a 
humidified CO2 (5%) atmosphere for 3 h. The control group 
underwent equivalent treatments except for OGD exposure.

Cell transfection

Gene-Pharma (Shanghai, China) provided the siRNA fragments of 
circTLK1 and the miR-136-5p or negative control (NC) inhibitors. 
Lipofectamine 2000 Reagent (Invitrogen) was used to transfect 
the siRNA or miRNA inhibitors listed in the additional file (Table 
S1). Briefly, 5 × 105 cells in the logarithmic phase were transfected 
with 200 pmol siRNA per well, in 6-well plates. Cells were col-
lected for the next experiment after 48 h of transfection.

RNA extraction and real-time quantitative reverse 
transcription polymerase chain reaction (RT-qPCR)

TRIzol Reagent (Invitrogen) and cDNA Reverse Transcription Kit 
(Invitrogen) were used to extract total RNA from cells and con-
duct reverse transcription. SYBR® Green PCR Kit (Qiagen) was 
used for amplification. The expression levels of circRNA and 
mRNA were normalized to GAPDH, whereas miRNA was normal-
ized to U6. The 2−ΔΔCt method was used for calculations. All 
primer sequences were listed in an additional file (Table S2).

Cell counting kit-8 (CCK8) assay

Cells (3 × 103 per well) were cultured in 96-well plates in triplicate 
wells for OGD/R treatment after transfection. Afterward, 10 μL of 
CCK8 reagent was added to each well and incubated at 37 °C for 

30 min. Cell viability was determined at OD450 with a microplate 
reader (MultiSkan FC microplate reader, Thermo Scientific).

Flow cytometry (FCM)

Guava® Nexin Reagent (Luminex) with FCM was used to test 
the apoptotic rate. The cells were collected and resuspended 
in DMEM. Then, the cell samples were treated with 100 μL of 
Guava Nexin solution and incubated for 20 min in the dark. 
Finally, the Guava EasyCyte Mini System (Luminex) was used 
to detect the cell apoptotic potential.

Western blot

Total proteins from HK-2 cells were extracted with radioimmuno-
precipitation assay buffer (Abcam) supplemented with PMSF 
(Solarbio). Then, a BCA Protein Assay Kit (Beyotime) was used as 
the general way to quantify the protein. Next, the proteins were 
transferred to a polyvinylidene difluoride (PVDF) membrane 
(Solarbio) through SDS-PAGE on a Bis-Tris Gel system (BioRad). 
The PVDF membrane was then incubated with primary antibod-
ies (anti-Bcl2, #3498, Cell Signaling Technology; anti-cleaved 
Caspase3, #9662, Cell Signaling Technology; Bax, #50599-2-lg, 
Proteintech; GAPDH, 60004-1-lg, Proteintech) overnight at 4 °C. 
The next day, PVDF membranes were incubated with the corre-
sponding secondary antibody (Goat anti-Rabbit-HRP or Goat 
anti-Mouse-HRP, Jackson) for 2 h. ImageJ software was used to 
analyze the bands.

Dual Luciferase assay

Gene-Pharma (Shanghai, China) was used to synthesize 
the reporter plasmids (pmirGLO containing circTLK1 
wild-type sequence or mutant sequence). Then, the 
reporter plasmid and miR-136-5p or NC mimics were 
cotransfected into HEK 293 T cells for 48 h. The Dual 
Luciferase Assay System (Promega) was used to measure 
the Luciferase activity.

Animals and animal experiments

10 male C57BL/6 mice (6-7 week weeks of age) were pur-
chased from Guangzhou Ruige Biotechnologies (Guangzhou, 
China). All mice were acclimated for 7 days and allowed free 
access to food and water prior to the experiment. The animal 
experiments was granted by the Animal Ethics Committee of 
Guangzhou Forevergen Medical Experimental Animal Center.

The mice were randomly divided into 2 groups (n = 5): sham 
group, IR group. Under 1.5% isoflurane surgical anesthesia, the 
right and left renal arteries of mice were exposed through a dor-
sal lumbar incision, and the left and right renal arteries were 
clamped with arterial clips for 30 min, followed by 24 h of reper-
fusion. The color of the kidney changed from dark purple to 
reddish brown, indicating successful restoration of blood perfu-
sion. The same surgery was performed in sham groups except 
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for renal artery occlusion. After suturing the incision, 0.2% ropiv-
acaine was injected subcutaneously. In the process of operation, 
the body temperature of the mice was maintained between 
37 °C with a heating pad. 24 h after reperfusion, the mice were 
sacrificed by CO2 asphyxiation. Blood and bilateral kidneys were 
collected from sacrificed mice. The blood was centrifuged at 
3,000 rpm for 10 min at 4 °C. The supernatant was taken and 
stored at −70 °C and subsequently assessed for serum creatinine 
(SCr) and blood urea nitrogen (BUN) with a Hitachi 7600-020 
automatic biochemical analyzer. One side of the kidney was 
fixed in 4% paraformaldehyde and embedded in paraffin, cut 
into 5-μm-thick sections for hematoxylin and eosin (HE) staining, 
and one side of the kidney was stored at −70 °C for RT-qPCR 
detection.

Statistical analysis

GraphPad Prism 7 was used for statistical analysis, in which 
data were described as average value ± standard deviation 
and analyzed with an unpaired t-test to compare two groups 
and a one-way analysis of variance to compare multiple 
groups. P-values of <0.05 were considered significantly differ-
ent. Unless otherwise specified, n is the number of biological 
replicates, and it is always 3.

Results

OGD/R treatment induced HK-2 cell apoptosis

HK-2 cells were treated with OGD/R to develop the AKI 
model at the cellular level. The cells were treated with differ-
ent OGD times, and normal cells were used as the control 
group (reoxygenation time was 3 h). Cell viability decreased 
with the increased OGD time, as presented in Figure 1A. FCM 

results revealed an increased apoptosis rate with the increas-
ing OGD time, as shown in Figure 1B. Figure 1C and D show 
that the expression of apoptosis-related proteins, including 

Figure 1.  OGD/R treatment induced HK-2 cell apoptosis. A, CCK8 assay was used to evaluate cell proliferation after OGD/R. B, Flow cytometry was used to 
assess cell apoptosis after OGD/R. C, Western blot was used to detect the protein expression of Bcl2, Bax, and cleaved-caspase 3 after OGD/R. D, Western 
Blots were quantified using ImageJ Software and represented as fold change. **p < 0.01.

Figure 2.  CircTLK1 expression of OGD/R-treated HK-2 cells and Cyclization 
validation. A, RT-qPCR was used to detect the circTLK1 expression in 
OGD/R-treated cells. B, Sanger sequencing results; Arrows in the figure indi-
cate cyclization sites. C, Gel map of gDNA and cDNA products of circTLK1 
and GAPDH amplified with convergent and divergent primers. **p < 0.01.
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Bax and cleaved-caspase 3, was higher than that in the con-
trol group, while the Bcl2 expression was low. Apoptosis in 
HK-2 cells was induced by OGD/R treatment, which gradually 
increased with an increased OGD time.

circTLK1 expression of HK-2 cells in OGD/R and cyclization 
validation

RT-qPCR was performed to test the circTLK1 expression in 
HK-2 cells treated with OGD/R. Figure 2A shows that circTLK1 
was expressed at low levels in OGD/R-treated cells compared 
with the control group. Furthermore, circTLK1 was downreg-
ulated at different OGD time points. Sanger sequencing was 
used to validate the circTLK1 cyclization sites. CircRNAs can 
be detected in cDNA but not in genomic DNA. CircTLK1 PCR 
amplification products were detected using divergent prim-
ers from cDNA, and GAPDH was used as a linear control 
(Figure 2B, C).

CircTLK1 knockdown accelerates HK-2 cell apoptosis

We designed three siRNAs to determine the biological role of 
circTLK1 in HK-2 cells. The qPCR data showed that siRNA1 and 
siRNA3 were highly effective in reducing circTLK1 expression lev-
els, especially siRNA3, whereas siRNA2 seemed to have no effect 
(Figure 3A). We used siRNA3 for subsequent experiments. CCK8 
and FCM were used to detect cell proliferation and apoptosis 
after transfection, respectively. The low circTLK1 expression 
reduced cell proliferation but increased the apoptotic rate (Figure 
3B, C). Meanwhile, the protein expression levels of Bax and 
cleaved-caspase 3 were upregulated, while that of Bcl2 was 
downregulated (Figure 3D, E). These results indicate the involve-
ment of circTLK1 in HK-2 cell apoptosis.

MiR-136-5p/Bcl2 may be a downstream gene of circTLK1

CircRNAs have been reported to be abundant in the cytoplasm 
with so many binding sites of miRNA that they can be a miRNA 

Figure 3.  CircTLK1 knockdown Promotes HK-2 cell apoptosis. A, RT-qPCR was used to verify the effect of circTLK1 interference fragments. B, CCK-8 assay 
was used to evaluate cell proliferation after circTLK1 knockdown. C, Flow cytometry was used to assess cell apoptosis after circTLK1 knockdown. D, Western 
blot was used to assess the protein expression of Bcl2, Bax, and cleaved-caspase 3 after circTLK1 knockdown. E, Western Blots were quantified using ImageJ 
Software and represented as fold change. **p < 0.01.
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sponge [19]. Our study used TargetScan (https://www.targetscan.
org/vert_72/) to explore the miRNA circTLK1 that interacts to 
regulate mRNAs that were involved in apoptosis (Figure 4A). 
Notably, miR-211-5p, miR-204-5p, and miR-136-5p were pre-
dicted to interact with both circTLK1 and Bcl2, in which only 
miR-136-5p was verified by RT-PCR, that increased with circTLK1 
knockdown, whereas knockdown of circTLK1 expression was fol-
lowed by downregulation of Bcl2 mRNA levels (Figure 4B). 
Further, miR-136-5p was significantly upregulated, whereas Bcl2 
was significantly downregulated after OGD/R treatment (Figure 
4C). Furthermore, miR-136-5p overexpression significantly inhib-
ited the activity of WT-type circTLK1 Luciferase reporter but not 
Mut-type circTLK1 Luciferase reporter by dual Luciferase assay 
(Figure 4D). These data suggest that circTLK1 may act as a 
miRNA sponge to adsorb miR-136-5p, thereby regulating the 
Bcl2 expression.

CircTLK1 relieved HK-2 cell apoptosis through miR-136-5p/
Bcl2 axis

Bcl2 is one of the target genes of miR-136-5p [20]. We 
performed rescue experiments to further demonstrate the 
importance of miR-136-5p in AKI to determine the need 

for miR-136-5p by circTLK1 to regulate Bcl2 expression 
and HK-2 cell apoptosis. The results revealed that 
miR-136-5p inhibitor transfection rescues the effect of 
circTLK1 knockdown on HK-2 cell proliferation and apop-
tosis (Figure 5A–E). These experimental results suggest 
that circTLK1 relieved HK-2 cell apoptosis through the 
miR-136-5p/Bcl2 axis.

CircTLK1/miR-136-5p/Bcl2 axis is involved in murine AKI

To confirm the circTLK1/miR-136-5p/Bcl2 axis involved in the 
pathogenesis of AKI in vivo, we established a mouse AKI 
model. A marked elevation of BUN and SCr was evoked after 
renal I/R treatment (Figure 6A). In IR group, tubular cell injury 
and interstitial inflammation were observed (Figure 6B). 
These results indicated the onset of severe AKI. We further 
detected the differential expression of circTLK1, miR-136-5p 
and Bcl2 by RT-qPCR and found that circTLK1 and Bcl2 
expression were significantly downregulated in mouse kidney 
tissues after IR, while miR-136-5p was opposite (Figure 6C). 
This demonstrates that the circTLK1/miR-136-5p/Bcl2 axis is 
involved in murine AKI.

Figure 4.  MiR-136-5p/Bcl2 may be a downstream Gene of circTLK1. A, bioinformatics prediction of the ceRNA network of circTLK1-miRNAs-mRNAs. B, 
RT-qPCR was used to detect the expression of miR-136-5p and Bcl2 after circTLK1 knockdown. C, RT-qPCR was used to detect the expression of miR-136-5p 
and Bcl2 after OGD/R. D, Luciferase reporter assay confirms miR-136-5p adsorption by circTLK1. *p < 0.05, **p < 0.01.

https://www.targetscan.org/vert_72/
https://www.targetscan.org/vert_72/
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Discussion

AKI is common in kidney transplants, which results in many 
underlying factors, thus its treatment is important [21, 22]. 
Recently, circRNAs have been reported to play crucial roles in 
multiple diseases. Here we found that circTLK1 was downreg-
ulated in OGD/R-treated HK-2 cells. The circTLK1 downregula-
tion accelerated cellular damage by inhibiting cell growth 
and accelerating apoptosis in OGD/R-stimulated cells. 
Furthermore, circTLK1 suppressed the expression of miR-136 
by acting as a miRNA sponge in HK-2 cells. In contrast, 
miR136-5p suppression overturned the repressive influence 
of circTLK1 on cell apoptosis. Overall, circTLK1 may secure 
HK-2 cells from apoptosis injury through the miR136-5p/
Bcl2 axis.

Renal IR is one of the dominant factors causing a high mor-
tality rate in patients with AKI [23]. IR leads to disturbances in 
the structure and function of the kidney. Specifically, ischemia 
leads to decreased renal blood flow, renal tubule obstruction, 
and severe renal tubule necrosis, leading to renal injury after 
reperfusion and ischemic acute renal failure [24]. The mechanism 
may be related to renal tissue structure dysfunction and 

abnormal functional metabolism caused by excessive oxygen-free 
radical production, intracellular calcium overload, inflammatory 
factor and transmitter involvement, cell apoptosis, membrane 
lipid peroxidation, carbon monoxide content changes, and other 
factors [25]. Several researchers have demonstrated that I/R 
injury triggers a type of immunoreaction in cells, including the 
release of inflammatory factors and apoptosis [26]. Our study 
revealed that different OGD/R times impede cell proliferation 
and expedite the cell apoptotic rate of HK-2 cells to a different 
extent, similar to previous research [27, 28].

Substantial evidence indicates that dysregulated expres-
sion of circular RNAs plays critical roles during the develop-
ment of various human diseases [29]. Many circRNAs, 
including circAkt3, circPlekha7, and circMe1, are abnormally 
expressed in an I/R animal model and play a role in kidney 
damage caused by I/R [30]. Our results suggest a reduced 
circTLK1 expression in the HK-2 cell model. CircTLK1 knock-
down attenuated cell viability and promoted apoptosis. 
These data suggest that circTLK1 attenuates apoptosis in 
HK-2 cells, suggesting circTLK1 as a novel target for treating 
I/R-induced AKI. In recent years, an increasing number of 
studies have focused on circRNAs, miRNAs, and their 

Figure 5.  CircTLK1 relieved HK-2 cell apoptosis through the miR-136-5p/Bcl2 axis. A, CCK8 assay was used to evaluate cell proliferation. B, Cell apoptosis 
ratio was assessed by flow cytometry. C, RT-qPCR was used to assess the Bcl2 expression. D, Western blot was used to assess the protein expression of 
Bcl2, Bax, and cleaved-caspase 3. E, Western Blots were quantified using ImageJ Software and represented as fold change. siNC: non-targeted siRNA; NC 
inhibitor: a nonspecific miRNA inhibitor control. **p < 0.01.
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interactions or their functions and mechanisms in diseases 
[31, 32]. CircRNAs have been accepted as sponges of miR-
NAs to function, which can weaken the miRNA expression, 
with time and research advances [33]. Yang et  al. reported 
reduced damage to cerebrum cells in I/R by low circ_008018 
expression, which sponged miR-99a [34]. CircVMA21 has 
been reported to relieve oxidative stress and inflammation 
through the miR-9-3p/SMG axis [35]. Such research has indi-
cated the important role of circular RNAs in diseases.

Overall, this study indicated that circTLK1 functions in 
OGD/R-induced injury through the miR-136-5/Bcl2 axis. 
Advances in the molecular mechanisms of circTLK1-mediated 
I/R-induced HK-2 cell damage may help develop effective AKI 
treatments. CircTLK1 and miR-136-5p may be potential tar-
gets for AKI treatment. However, there are also weaknesses 
in this study. The clinical implications of circTLK1 in AKI and 
its function and mechanism in vivo should be studied further.
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