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Background: Diabetic nephropathy (DN) is a severe end-stage kidney disease developed 
from diabetes mellitus. The involvement of circular RNA (circRNAs) in the regulation of 
DN pathogenesis has been implied, but the underlying mechanism of DN is still lacking. This 
study aimed to investigate the effect of hsa_circ_0003928 on the inflammation and apoptosis 
of high glucose (HG)-induced renal tubular cells.
Methods: The expression of hsa_circ_0003928, miR-151-3p and Anxa2 in blood samples 
from DN patients and healthy controls was detected by RT-qPCR. Human renal epithelial 
cells HK-2 were incubated with D-glucose (30 mmol/l) to establish DN model in vitro. RT- 
qPCR analysis confirmed the transfection effects and detected the expressions of TNF-α, IL- 
6 and IL-1β. Western blotting analysis determined the protein expression of Anxa2, Bcl-2, 
Bax, cleaved caspase-3 and caspase-3. The production of ROS was detected by DCF-DA 
method and production of inflammatory cytokines was verified by ELISA assay. CCK-8 
assay and TUNEL assay were performed to determine cell viability and apoptosis, respec
tively. Dual-luciferase reporter assay was performed to confirm the relationship between 
miR-151-3p and hsa_circ_0003928 or Anxa2.
Results: Hsa_circ_0003928 and Anxa2 mRNA levels were increased, whereas miR-151-3p 
was decreased in both HG-induced HK-2 cells and patients with DN. Hsa_circ_0003928 
knockdown could decrease cell viability loss and apoptosis, increase Bcl-2 expression, and 
decrease Bax and cleaved caspase-3 expression. Besides, hsa_circ_0003928 knockdown 
suppressed HG-induced overproduction of ROS, TNF-α, IL-6 and IL-1β. However, the 
effects made by miR-151-3p inhibition were opposite to those made by hsa_circ_0003928 
knockdown. Furthermore, the binding sites between miR-151-3p and hsa_circ_0003928 or 
Anxa2 were predicted and verified. Protein expression of Anxa2 was suppressed by hsa_
circ_0003928 knockdown, which was rescued by miR-151-3p inhibition.
Conclusion: These results demonstrated that hsa_circ_0003928 could act as a sponge of 
miR-151-3p and regulate HG-induced inflammation and apoptosis partly through regulating 
Anxa2.
Keywords: diabetic nephropathy, hsa_circ_0003928, miR-151-3p, Anxa2

Introduction
Diabetes mellitus is a common metabolic disorder that is associated with chronic 
complications such as retinopathy and peripheral neuropathy. It has been recog
nized that diabetes can cause chronic renal impairment and lead to diabetic nephro
pathy (DN). It is reported that approximately 30~40% of diabetes patients will 
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develop into DN.1 Currently, DN has been a leading cause 
of end-stage renal disease (ESRD) throughout the world.2 

Renal tubular cell injury is known as one of the main 
characteristics of DN and tubular cells are proved to be 
primary targets of DN.3 As DN shows multi-stage patho
logical presentations, exploration into the mechanism 
underlying tubular injury under high glucose may be an 
efficient therapeutic target to block the progression of DN.

Circular RNAs (circRNAs), a class of endogenous non- 
coding RNA, are characterized by a stably closed-loop 
lacking the 5’ cap and the 3’ end of the poly (A) tail, 
thus obtaining a high degree of stability and sequence 
conservation.4,5 circRNAs have been found to play an 
important role in the regulation of multiple diseases, 
including cancerous tumors, cardiovascular diseases, and 
diabetes mellitus and its complications.6–9 For example, 
circRNA_15698 was validated to be upregulated in both 
db/db mice and mouse mesangial cells exposed to high 
glucose, aggravating the extracellular matrix accumulation 
and deteriorating DN via miR-185/TGF-β1.9 This showed 
that circRNAs could participate in the progression of DN 
by acting as a miRNA sponge. RNA sequencing profiling 
from control and high glucose-induced human umbilical 
vein endothelial cells (HUVECs) identified 214 differen
tially expressed circRNAs, among which hsa_
circ_0003928 was found to be upregulated in high 
glucose-induced HUVECs,10 indicating that hsa_
circ_0003928 might be involved in the pathogenesis of 
diabetes mellitus. However, whether hsa_circ_0003928 is 
correlated with DN is unknown. Besides, whether hsa_
circ_0003928 can act as a miRNA sponge is also poorly 
understood. In this study, we have reported the expression 
and function of hsa_circ_0003928 and its regulatory 
mechanism in high glucose-induced HK-2 cells, providing 
a novel insight for DN pathogenesis.

Patients and Methods
Patients and Samples
We recruited participants who visited our center for 
a routine health check-up or treatment of diabetes melli
tus at an outpatient clinic from January 2018 to 
December 2018. Finally, 60 participants, including 30 
healthy volunteers and 30 patients with DN, were 
enrolled. The diagnosis of DN was histologically con
firmed after kidney biopsy by an experienced renal 
pathologist. The inclusion criteria were: 1) the indica
tions for performing the renal biopsy were proteinuria 

with or without microscopic hematuria and fast drop in 
renal function; 2) type w diabetic patients with no history 
of using renal toxic or herbal medicine; 3) diabetes 
patients with no complications of other kidney diseases. 
Patients were excluded if they demanded any of follow
ing criteria: history of cardiovascular disease, morbid 
obesity, organic or inflammatory diseases, infectious, 
autoimmune, haematological, malignant, fever and dia
betic neuropathy. All blood samples were obtained at 
least 8 h after fasting and collected at −80°C for further 
analysis. This project was conducted according to the 
Helsinki Declaration and approved by the Ethics 
Committee of the Chongqing University Three Gorges 
Hospital. All participants provided their informed written 
consent.

Cell Culture and Treatment
The human tubular epithelial cell line HK-2 was obtained 
from the American Type Culture Collection (Manassas, VA, 
USA). Cells were cultured in DMEM/F12 culture medium 
(HyClone, USA) supplemented with 10% FBS, 100 μ/mL 
penicillin and 100 mg/mL streptomycin in a 37°C humidi
fied incubator containing a 5% CO2 atmosphere. For the 
control group, the medium contained 5 mmol/l D-glucose; 
for experimental group, HK-2 cells were incubated with the 
medium containing 30 mmol/l D-glucose for 48 h to produce 
a high-glucose model. Besides, medium with mannitol (MA; 
30 mmol/l) was used as negative control.

Cell Transfection
HK-2 cells were transfected with siRNA, miR-151-3p mimic, 
miR-151-3p inhibitor and their corresponding negative control 
using Lipofectamine 2000 (Invitrogen, CA, USA) in accor
dance with the manufacturer’s instructions. The siRNA target
ing hsa_circ_0003928 (siRNA-circ_0003928-1 (GCCA 
ATTCCTTTGTGGGAA)) and (siRNA-circ_0003928-2 
(GCAGAAATGGAGAAACTTA)) was used to knock down 
has_circ_0003928 and siRNA negative control (siRNA-NC) 
was used as a control. Besides, miR-151-3p mimic, mimic 
control, miR-151-3p inhibitor and inhibitor control were used 
to regulate the expression level of miR-151-3p. All the plas
mids were provided by GenePharma (Shanghai, China). After 
transfection for 48 h, HK-2 cells were collected for transfec
tion efficacy detection by RT-qPCR.

Cell Viability
Cell viability was determined using a Cell Counting Kit-8 
(CCK-8; Beyotime Institute of Biotechnology, Shanghai, 
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China). HK-2 cells were inoculated into 96-well plates 
with 5 × 103 cell/well and treated with normal glucose 
(NG; 5 mmol/l) or high glucose (HG; 5 mmol/l) for 48 
h. After incubation, 10 μL of CCK-8 solution was added 
into each well for 1 h at 37°C. The absorbance at 450 nm 
was recorded using a micro-plate reader.

Cellular Apoptosis Assay
Cellular apoptosis was determined by a terminal deoxynu
cleotidyl transferase dUTP nick end labeling (TUNEL) 
assay (Millipore; Merck KGaA, Darmstadt, Germany). 
HK-2 cells were seeded on chamber slides at a density 
of 4× 103 cell/well. After incubation for 48 h, HK-2 cells 
were fixed in 4% paraformaldehyde, permeabilized with 
0.1% Triton X-100 in PBS, and incubated with TUNEL 
reagents. The apoptotic cells were observed under an 
optical microscope (Olympus Corp., Tokyo, Japan).

Reverse Transcription-Quantitative 
Polymerase Chain Reaction (RT-qPCR)
Total RNA from HK-2 cells was extracted using TRIzol 
reagent (Life Technologies Corporation, Carlsbad, CA, 
USA) and reversely transcribed to complementary DNA 
using Prime Script RT kit (Takara Bio, Inc., Otsu, Japan) 
in accordance with the manufacturer’s instructions. Then, 
the relative mRNA expression was quantified using an 
ABI 7500 Real-time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc., Rockford, IL, USA) with 
the SYBR Green kit (Takara Bio, Inc.). The primers were 
used as follows: hsa_circ_0003928, forward: 5′- CCTAG 
AGCTGGAATGCCGTC-3′, reverse: 5′- ATGCTGTCGG 
AGTAGCATGG-3′; TNF-α, forward: 5′-CCCAGGGA 
CCTCTCTCTAATC-3′, reverse: 5′- GTTTGCTACAAC 
ATGGGCTACAG-3′; IL-1β, forward: 5′- TGGTGAT 
GTCTGGTCCATATGAAC-3′, reverse: 5′- CCAA 
GGCCACAGGTATTTTGTC-3′; IL-6, forward: 5′- GGTA 
CATCCTCGACGGCATCT-3′, reverse: 5′-GTGC 
CTCTTTGCTGCTTTCAC-3′; miR-151-3p, forward: 5′- 
GGATGCTAGACTGAAGCTCCT-3′, reverse: 5′- CAG 
TGCGTGTCGTGGAGT-3′; Anxa2, forward: 5′- CACG 
GCCCAGGTTATCTTGT-3′, reverse: 5′-TGCTGCGG 
TTGGTCAAAATG-3′ β-actin, forward: 5′-CGTG 
AAAAGATGACCCAGATCA-3′, reverse: 5′- CACAG 
CCTGGATGGCTACGT-3′; U6, forward: 5′-CTCGCTT 
CGGCAGCACA-3′, reverse: 5′-AACGCTTCACGAA 

TTTGCGT-3′. β-actin and U6 were used as internal refer
ences for normalizing gene expression.

Western Blotting
Total protein from HK-2 cells was extracted using RIPA 
lysis buffer (Thermo Fisher Scientific, Inc.) supplemented 
with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 
protease inhibitor cocktail (Roche, Basel, Switzerland), 
and the protein concentration was determined using 
a BCA protein assay kit (Thermo Fisher Scientific, Inc.). 
Equal amount of protein (40 μg) of each sample was sepa
rated with SDS-PAGE and transferred onto PVDF mem
branes. The membranes were blocked in TBST buffer 
containing 5% skimmed milk for 1 h at room temperature 
and subsequently incubated with primary antibodies against 
Bcl-2 (1:1000; cat. no. ab196495), Bax (1:1000; cat. no. 
ab182733), Cleaved caspase-3 (1:500; cat. no. ab2302), 
caspase-3 (1:500; cat. no. ab13847), Anxa2 (1:1000; cat. 
no. ab41803) and GAPDH (1:1000; cat. no. ab181603; all 
purchased from Abcam), followed by incubation with 
horseradish peroxidase-labeled anti-rabbit secondary anti
body (1:2000; cat. no. sc-2004; Santa Cruz Biotechnology, 
Inc.) at an appropriate dilution for 1 h at room temperature. 
The protein bands were developed using an enhanced che
miluminescence reagent system (Thermo Fisher Scientific, 
Inc.). GAPDH was used as the loading control.

Enzyme-Linked Immunosorbent Assay
The production of TNF-α, IL-6 and IL-1β in the super
natant of cells in each group was measured using Enzyme- 
linked immunosorbent assay (ELISA). The corresponding 
ELISA kits (BD Bioscience, USA) for TNF-α, IL-6 and 
IL-1β detection were used in accordance with the manu
facturer’s instructions.

Reactive Oxygen Species (ROS) 
Production
The intracellular ROS production was measured using 
2′, 7′-dichlorodihydrofluorescein diacetate (DCF-DA; 
Sigma Aldrich). Cells were incubated in a 6-well plate 
for 48 h. After incubation with 5 μM DCF-DA for 1 h, 
HK-2 cells were harvested and washed with PBS, and 
the fluorescence intensity was detected at the wave
length 488/525 nm and analyzed using a BD 
FACSCalibur flow cytometer.
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Luciferase Reporter Assay
We obtained reporter plasmids by inserting hsa_
circ_0003928 or ANXA2 3’UTR sequence containing 
wild-type (WT) or mutant (MUT) miR-151-3p-binding 
site into the pmirGLO vector (Promega, Madison, WI, 
USA). HEK293 cells were co-transfected with reporter 
plasmids and miR-151-3p mimic or mimic control using 
Lipofectamine 2000. Forty-eight hours after transfection, 
the luciferase activities were tested by the Dual-Luciferase 
Reporter Assay system (Promega).

Statistical Analysis
All experiments were repeated at least three times. All data were 
presented as mean ± standard deviation (SD). Statistical analysis 
was carried out using SPSS 19.0 statistical software (SPSS Inc., 
Chicago, IL). Student’s t-test and ANOVA followed by post hoc 
Tukey’s test were exploited to analyze significance difference. 
A value of P<0.05 was considered significant.

Results
Hsa_circ_0003928 Was Upregulated in 
Serum of DN Patients and Cell Model 
in vitro
To detect hsa_circ_0003928 expression upon D-glucose sti
mulation, HK-2 cells were exposed to different concentrations 
of D-glucose (5, 10, 15, 20, 25 and 30 mmol/l), regarding 
mannitol (MA) as the negative control. We found that the 
expression level of hsa_circ_0003928 was upregulated upon 
D-glucose stimulation with a concentration-dependent man
ner, and hsa_circ_0003928 expression was not affected by MA 
(Figure 1A). Subsequent experiments exhibited an 

upregulation of hsa_circ_0003928 expression with the increas
ing time for D-glucose (30 mmol/l) incubation (Figure 1B). In 
addition, compared to the healthy volunteers, the expression 
level of hsa_circ_0003928 was significantly increased in 
serum of patients with DN (Figure 1C).

Hsa_circ_0003928 Knockdown 
Suppressed Cell Viability Loss and 
Apoptosis in HG-Induced HK-2 Cells
To further investigate the role of hsa_circ_0003928 in HG- 
induced HK-2 cells, siRNA-circ_0003928-1/2 was used 
for transfection to knock down hsa_circ_0003928, and 
siRNA-circ_0003928-1, which showed a higher transfec
tion efficacy than siRNA-circ_0003928-2, was used for the 
next experiments (Figure 2A). CCK-8 assay showed that 
cell viability was significantly decreased upon exposure to 
HG, but it was reversely increased by hsa_circ_0003928 
knockdown (Figure 2B). HG resulted in an obvious mor
phology of cell apoptosis by TUNEL staining, as the cells 
exhibited obvious nuclear shrinkage and the nuclear was 
stained brown, which was then alleviated by hsa_
circ_0003928 knockdown (Figure 2C). In addition, apop
tosis-related proteins were further detected. As shown in 
Figure 2D and E, HG remarkably induced a decrease of 
protein expression of Bcl-2 and the increases of protein 
expression of Bax and cleaved caspase-3, demonstrating 
a remarkably high cell apoptotic rate induced by HG 
stimulation. However, cell apoptosis was attenuated by 
hsa_circ_0003928 knockdown as the protein expression 
of Bcl-2 was increased and the protein expressions of 
Bax and cleaved caspase-3 were decreased upon hsa_
circ_0003928 knockdown.

Figure 1 Hsa_circ_0003928 was upregulated in high D-glucose-induced HK-2 cells and serum of patients with DN. (A) HK-2 cells were subjected to different 
concentrations of D-glucose (5, 10, 15, 20, 25 and 30 mmol/l) for 48 h. Besides, mannitol (MA; 30 mmol/l) was used as negative control. The expression level of 
hsa_circ_0003928 was measured by RT-qPCR. **, ***p<0.01, 0.001 vs 5 mmol/l D-glucose. (B) HK-2 cells were subjected to 30 mmol/l D-glucose for 6, 12, 24 and 48 h, 
respectively. The expression level of hsa_circ_0003928 was measured by RT-qPCR. **, ***p<0.01, 0.001 vs 0 h. (C) The expression level of hsa_circ_0003928 in serum of 
healthy control and patients with DN was measured by RT-qPCR. ***p<0.001. 
Abbreviations: DN, diabetic nephropathy; MA, mannitol.
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Hsa_circ_0003928 Knockdown 
Suppressed Production of ROS and 
Inflammatory Cytokines in HG-Induced 
HK-2 Cells
We next investigated the effect of hsa_circ_0003928 on 
HG-induced ROS level and inflammation in HK-2 cells. 
First, ROS level in each group was detected by DCF-DA 
assay, and the results revealed that hsa_circ_0003928 
knockdown could inhibit ROS level which was elevated 
by HG stimulation (Figure 3A). Then, ELISA and RT- 
qPCR were conducted, respectively, to detect the concen
trations and mRNA levels of inflammatory cytokines. As 
shown in Figure 3B–D, the concentrations of TNF-α, IL-6 

and IL-1β in culture supernatant were significantly upre
gulated in HG group, which were then downregulated after 
hsa_circ_0003928 was knocked down in HG-induced HK- 
2 cells. In addition, total RNA was extracted from HK-2 
cells in different groups, and the mRNA levels of TNF-α, 
IL-6 and IL-1β exhibited similar changes with the ELISA 
results (Figure 3E–G).

Hsa_circ_0003928 Binds with miR-151- 
3p
According to the bioinformatics assay (https://circinter 
actome.nia.nih.gov), hsa_circ_0003928 was predicted to 
directly target miR-151-3p. This prediction was then 

Figure 2 Hsa_circ_0003928 knockdown suppressed cell viability loss and apoptosis in HG-induced HK-2 cells. (A) HK-2 cells were transfected with siRNA-circ_0003928- 
1/2 and the siRNA negative control (siRNA-NC) using Lipofectamine 2000, and the transfection efficacy was determined using RT-qPCR. ***p<0.001 vs siRNA-NC. (B) HK- 
2 cells without transfection were treated with normal D-glucose (NG; 5 mmol/l) or high D-glucose (HG; 30 mmol/l) for 48 h. Besides, transfected HK-2 cells were 
inoculated into 96-well plates and treated with HG for 48 h. Then, CCK-8 assay was performed to determine cell viability of different groups. (C) TUNEL assay was 
conducted to determine HK-2 cell apoptosis. (D and E) The protein expression of Bcl-2, Bax, cleaved caspase-3 and GAPDH were detected using Western blotting, and the 
band intensities were quantified. GAPDH acted as the loading control, and the band intensity was normalized to GAPDH. ***p<0.001 vs normal D-glucose (NG); ##, 

###p<0.01, 0.001 vs HG+siRNA-NC. 
Abbreviations: HG, high D-glucose; NG, D-glucose; siRNA-circ_0003928, siRNA targeting hsa_circ_0003928; siRNA-NC, siRNA negative control.
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verified by luciferase reporter assay, as co-transfection 
of miR-151-3p mimic and wild-type (WT) hsa_
circ_0003928 weakened the luciferase activity of the 
WT hsa_circ_0003928 reporter (Figure 4A and B). 
These results suggested that hsa_circ_0003928 might 
be a direct functional target of miR-151-3p. As shown 
in Figure 4C, hsa_circ_0003928 knockdown signifi
cantly improved the expression level of miR-151-3p. 
Besides, miR-151-3p was found to be significantly 
downregulated in HG-induced HK-2 cells and serum of 
patients with DN (Figure 4D and E).

Anxa2 is a Direct Target of miR-151-3p
StarBase software (http://starbase.sysu.edu.cn) predicted 
a binding site between miR-151-3p and Annexin A2 
(Anxa2), and the subsequent luciferase reporter assay 
demonstrated the relationship that Anxa2 might be 
a direct target of miR-151-3p (Figure 5A and B). Next, 
RT-qPCR and Western blotting assays showed that miR- 
151-3p overexpression significantly increased the expres
sion of Anxa2 at mRNA and protein levels (Figure 5C–E). 
In addition, both the mRNA level and protein expression 
of Anxa2 was found to be upregulated in HG-induced HK- 
2 cells (Figure 5F–H). Accordingly, the mRNA level of 
Anxa2 was also upregulated in serum of patients with DN 
(Figure 5F–I).

Hsa_circ_0003928/miR-151-3p Axis 
Regulates HG-Induced HK-2 Cells via 
Anxa2
Finally, we explored whether miR-151-3p inhibition could 
partly reverse the effects induced by hsa_circ_0003928 knock
down in HG-induced HK-2 cells via Anxa2. First, protein 
expression of Anxa2 was significantly increased when miR- 
151-3p was inhibited, while was significantly decreased when 
hsa_circ_0003928 was silenced (Figure 6A and B), indicating 
that Anxa2 was regulated by hsa_circ_0003928/miR-151-3p 
axis. Then, a loss-of-function approach was used to conduct 
the following experiments. We found that miR-151-3p inhibi
tion strengthened cell viability loss and apoptosis, as well as 
the downregulated protein expression of Bcl-2 and upregu
lated protein expression of Bax and cleaved caspase-3 in HK-2 
cells upon HG exposure, whereas this function was effectively 
reversed by hsa_circ_0003928 knockdown (Figure 6C–E). In 
addition, overproduction of ROS, TNF-α, IL-6 and IL-1β 
induced by HG was strengthened by miR-151-3p inhibition 
but weakened by hsa_circ_0003928 knockdown. However, 
these effects were effectively reversed when miR-151-3p inhi
bitor and siRNA-circ_0003928 were applied simultaneously 
(Figure 7A–D). Thus, HG-induced viability loss, apoptosis 
and inflammation were regulated by hsa_circ_0003928/miR- 
151-3p axis. Taking the regulatory effect of hsa_
circ_0003928/miR-151-3p axis on Anxa2 into consideration, 

Figure 3 Hsa_circ_0003928 knockdown suppressed production of ROS and inflammatory cytokines in HG-induced HK-2 cells. (A) HK-2 cells without transfection were 
treated with NG or HG for 48 h. Besides, HK-2 cells transfected with siRNA-circ_0003928 or siRNA-NC were inoculated into 96-well plates and treated with HG for 48 
h. Production of ROS was detected by DCF-DA method. (B–D) The production of TNF-α, IL-6 and IL-1β was determined using corresponding ELISA kits. (E–G) The 
mRNA levels of TNF-α, IL-6 and IL-1β were detected using RT-qPCR. ***p<0.001 vs NG; #, ##, ###p<0.05, 0.01, 0.001 vs HG+siRNA-NC. 
Abbreviations: HG, high D-glucose; NG, D-glucose; siRNA-circ_0003928, siRNA targeting hsa_circ_0003928; siRNA-NC, siRNA negative control; ROS, reactive oxygen 
species; DCF-DA, 2′, 7′-dichlorodihydrofluorescein diacetate.
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our results indicated that hsa_circ_0003928 knockdown atte
nuated HG-induced cell injuries targeting miR-151-3p partly 
via Anxa2.

Discussion
Diabetes mellitus with the escalating incidence often engen
ders the occurrence of microangiopathic complications 
including DN. Currently, DN has developed in more than 
one-third of patients with diabetes mellitus and has become 
the leading cause of ESRD, posing a serious threat to the 
governments and researchers.11,12 Renal tubular damage 
can be evidently found in patients with DN, and a large 
amount of researchers have suggested that renal tubular 
epithelial cells death is involved in DN.13,14 Importantly, 
inflammatory response and apoptosis of renal tubular cells 
are found in both DN patients and DN animal models, 
mainly accounting for the pathogenesis of tubular lesion 
in DN.15,16 Many factors account for renal injury by 

controlling inflammatory cytokine production and cell 
apoptosis, including IL-17a, miR-34b and TRPC6.17–19 

Therefore, the use of effective therapeutic agents that spe
cifically suppress inflammatory injury and apoptosis may be 
useful strategies for renal function protection.

Here, human renal tubular epithelial HK-2 cells were 
stimulated by HG to simulate DN in vitro, accompanied by 
severe cell viability loss, ROS overproduction, inflammatory 
response and cell apoptosis. Besides, we found that hsa_
circ_0003928 and Anxa2 were increased, whereas miR-151- 
3p was decreased in both HG-induced HK-2 cells and serum 
from patients with DN. There existed a regulatory relationship 
between hsa_circ_0003928 and miR-151-3p, as well as 
between miR-151-3p and Anxa2. A series of loss-of- 
functional experiments revealed that hsa_circ_0003928 
knockdown could abolish HG-induced viability loss, inflam
mation, and apoptosis by downregulating miR-151-3p, while 
miR-151-3p inhibition strengthened HG-induced cell injuries. 

Figure 4 Hsa_circ_0003928 binds to miR-151-3p. (A) According to the bioinformatics assay (https://circinteractome.nia.nih.gov), a binding site between hsa_circ_0003928 
and miR-151-3p was predicted. (B) HEK293 cells were co-transfected with wild-type (WT) hsa_circ_0003928 or mature (MUT) hsa_circ_0003928 and miR-151-3p mimic 
or miR-NC (mimic control) using Lipofectamine 2000. 48 h after transfection, the luciferase activities were tested by the Dual-Luciferase Reporter Assay system. **p<0.01 
vs miR-NC. (C) HK-2 cells were transfected with siRNA-NC or siRNA-circ_0003928, and the expression level of miR-151-3p was detected by RT-qPCR. ***p<0.001 vs 
siRNA-NC. (D) HK-2 cells were treated with NG, HG and MA, respectively, and the expression level of miR-151-3p was detected by RT-qPCR. ***p<0.001 vs NG. (E) The 
expression level of miR-151-3p in serum from healthy control and patients with DN was measured by RT-qPCR. ***p<0.001. 
Abbreviations: HG, high D-glucose; NG, D-glucose; siRNA-circ_0003928, siRNA targeting hsa_circ_0003928; siRNA-NC, siRNA negative control; MA, mannitol; miR- 
NC, mimic control; DN, diabetic nephropathy; WT, wild-type; MUT, mature.
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Ultimately, these results demonstrated that hsa_circ_0003928 
could act as a sponge of miR-151-3p and regulate HG-induced 
inflammation and apoptosis partly through regulating Anxa2 
(Figure 8).

As promising as these results have been, studies focus
ing on the specific mechanism of circRNAs function in the 
pathological process of DN are far from adequate. To date, 
the most canonical regulatory mode of circRNAs is 
miRNA sponge.20 This theory has been adequately elabo
rated for circRNAs by competitively harboring miRNAs. 
Recent emerging evidence indicated that some circRNAs 
exhibited aberrant expression in DN and regulate the 
development of DN. For example, circ_0080425 was upre
gulated in mouse DN model and high glucose-induced 
mesangial cells, and circ_0080425 promoted mesangial 
cell proliferation and fibrosis via competitively binding 
to miR-24-3p, which subsequently promoted DN 
progression.21 circ_0000285 promoted podocyte injuries 
via sponging miR-654-3p and activating MAPK6 in 
DN.22 In this study, we identified that hsa_circ_0003928 

acted as a sponge for miR-151-3p. MiR-151-3p is mapped 
to a region of chromosome 8q, and an abnormally ampli
fied miR-151-3p has been found in cancers, chronic hepa
titis B, and diabetes.23–25 A previous study reported that 
miR-151-3p level was decreased at late-stage diabetes in 
Zucker diabetic rats. Besides, miR-151-3p could function 
as an important regulator in the immune response and 
inflammation and inhibit LPS-induced IL-6 production.26 

However, to our knowledge, the role of miR-151-3p in DN 
remains unclear and we are the first to report its role in 
DN. Here, miR-151-3p was demonstrated to be downre
gulated in HG-induced HK-2 cells and patients with DN, 
in line with its downregulation in diabetes. Inhibition of 
miR-151-3p promoted HK-2 cell injuries and weakened 
the protective effects of hsa_circ_0003928.

Anxa2, a 36-kDa protein belonging to the calcium- 
dependent phospholipid-binding proteins, is one of the 
molecules required to maintain the antithrombogenic proper
ties of endothelial cells.27 Anxa2 has been demonstrated to 
be upregulated in glomeruli in diabetic KKAy mice, and the 

Figure 5 Anxa2 is a direct target of miR-151-3p. (A) StarBase software (http://starbase.sysu.edu.cn) predicted a binding site between miR-151-3p and Annexin A2 (Anxa2). 
(B) HEK293 cells were co-transfected with wild-type (WT) Anxa2 or mature (MUT) Anxa2 and miR-151-3p mimic or miR-NC (mimic control) using Lipofectamine 2000. 48 
h after transfection, the luciferase activities were tested by the Dual-Luciferase Reporter Assay system. **p<0.01 vs miR-NC. (C–E) HK-2 cells were transfected with miR- 
151-3p mimic and miR-NC, then the protein expression and mRNA level of Anxa2 were detected using Western blotting and RT-qPCR, respectively. ***p<0.001 vs miR-NC. 
(F–H) HK-2 cells were treated with NG, HG and MA, respectively, and the protein expression and mRNA level of Anxa2 were detected using Western blotting and RT- 
qPCR, respectively. GAPDH acted as the loading control, and the band intensity of Anxa2 was normalized to GAPDH. ***p<0.001 vs NG. (I) The mRNA level of Anxa2 in 
serum from healthy control and patients with DN was measured by RT-qPCR. ***p<0.001. 
Abbreviations: HG, high D-glucose; NG, D-glucose; MA, mannitol; miR-NC, mimic control; DN, diabetic nephropathy; WT, wild-type; MUT, mature.
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upregulated Anxa2 participated in the mechanism relative to 
vitamin D insufficiency during early-stage DN, accelerating 
the development of DN.28 Specific expression network ana
lysis of diabetic nephropathy kidney tissue also suggested 
that Anxa2 was a key gene during the development of DN.29 

Furthermore, Anxa2 gene silencing was able to alleviate 
obesity-induced insulin resistance via suppressing the 
nuclear factor kappa B (NF-κB) signaling pathway.30 

Therefore, Anxa2 possibly exerts its function in inflamma
tory environment by regulating NF-κB. Moreover, the func
tion of Anxa2 on cell apoptosis also received attention in 
recent years. For example, Anxa2 was highly expressed in 
acute pancreatitis, accompanied with a relatively high 

apoptotic rate. Anxa2 overexpression induced pro- 
apoptotic effects on rat pancreatic acinar cell, while Anxa2 
knockdown exhibited the opposite effects.31 In this study, an 
upregulation of Anxa2 was discovered in serum of patients 
with DN and HG-induced HK-2 cells. In addition, Anxa2 
was demonstrated to be a target of miR-151-3p. 
Hsa_circ_0003928 knockdown repressed Anxa2 protein 
expression, which was reversed by miR-151-3p inhibition 
in vitro. In addition, considering the important role of Anxa2 
in regulating inflammation and apoptosis, the regulatory 
effect of hsa_circ_0003928/miR-151-3p in HG-induced 
cell viability loss, apoptosis and inflammation in HK-2 
cells was possibly dependent on Anxia regulation. To sum 

Figure 6 Hsa_circ_0003928/miR-151-3p axis regulates HG-induced viability loss and apoptosis in HK-2 cells. (A and B) HK-2 cells were transfected with miR-151-3p 
inhibitor or siRNA-circ_0003928, or co-transfected with miR-151-3p inhibitor and siRNA-circ_0003928, then the protein expression of Anxa2 was detected using Western 
blotting. *, **p<0.05, 0.01 vs control; ##p<0.01 vs miR-151-3p inhibitor; ΔΔp<0.01 vs siRNA-circ_0003928. (C) HK-2 cells were treated with NG or HG for 48 h. Besides, 
after transfection with miR-151-3p inhibitor or siRNA-circ_0003928 or the combination of iR-151-3p inhibitor and siRNA-circ_0003928, HK-2 cells were treated with HG 
for 48 h, then cell viability of different groups was assayed using CCK-8. (D) TUNEL assay was conducted to determine HK-2 cell apoptosis. (E) The protein expression of 
Bcl-2, Bax, cleaved caspase-3, and GAPDH were detected using Western blotting, and the band intensities were quantified. GAPDH acted as the loading control, and the 
band intensity was normalized to GAPDH. ***p<0.001 vs NG; #, ##, ###p<0.05, 0.01, 0.001 vs HG; Δ, ΔΔ, ΔΔΔp<0.05, 0.01, 0.001 vs HG+miR-151-3p inhibitor; $,$$,$$$ p<0.05, 
0.01, 0.001 vs HG+siRNA-circ_0003928. 
Abbreviations: HG, high D-glucose; NG, D-glucose; siRNA-circ_0003928, siRNA targeting hsa_circ_0003928.
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up, a novel mechanism of hsa_circ_0003928/miR-151-3p/ 
Anxa2 in DN progression was indicated in our study.

Conclusion
Taken together, all these data above have verified that 
hsa_circ_0003928 knockdown can withstand HG- 
induced cell injuries via suppressing inflammation and 
cell apoptosis. Also, hsa_circ_0003928 can directly bind 
to miR-151-3p and regulate Anxa2 expression. Hence, 
we conjecture that hsa_circ_0003928 knockdown might 
attenuate HG-induced cell injuries by targeting miR- 
151-3p partly via Anxa2, providing a novel and promis
ing target for DN.

Disclosure
The authors declare that they have no potential conflicts of 
interest for this work.

Figure 7 Hsa_circ_0003928/miR-151-3p axis regulates HG-induced inflammatory response in HK-2 cells. (A) HK-2 cells were treated with NG or HG for 48 h. Besides, 
after transfection with miR-151-3p inhibitor or siRNA-circ_0003928 or the combination of iR-151-3p inhibitor and siRNA-circ_0003928, HK-2 cells were treated with HG 
for 48 h, then production of ROS was determined using DCF-DA method. (B–D) The mRNA levels of TNF-α, IL-6 and IL-1β were determined by RT-qPCR. ***p<0.001 vs 
NG; #, ##p<0.05, 0.01 vs HG; Δ, ΔΔp<0.05, 0.01 vs HG+miR-151-3p inhibitor; $, $$ p<0.05, 0.01 vs HG+siRNA-circ_0003928. 
Abbreviations: HG, high D-glucose; ROS, reactive oxygen species; siRNA-circ_0003928, siRNA targeting hsa_circ_0003928; DCF-DA, 2′, 7′-dichlorodihydrofluorescein 
diacetate.

Figure 8 An illustration showing that high-glucose induced overexpression of 
has_circ_0003928 promoted cell viability loss, apoptosis and inflammation in HK- 
2 cells, possibly via regulating miR-151-3p/Anxa axis.
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