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1  | INTRODUC TION

Kidney transplantation is an important intervention for patients 
with end-stage renal failure. The procedure is able to effectively 
prolong survival time and improves patients’ quality of life.1 
Although the graft survival rate, 1 year after kidney transplanta-
tion is on the rise, the long-term rate of survival (10 years) has 

stagnated in about 10 years.2 Moreover, the application of more 
effective immunosuppressive agents has greatly reduced the num-
ber of patients with acute rejection (AR) after kidney transplanta-
tion in the past few decades. However, the lack of non-invasive 
molecular markers has frustrated efforts to optimize -rejection 
treatment options.3 Presently, renal biopsy is the ‘gold standard’ 
for the detection of dysfunctional kidneys after a transplant.3 
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Abstract
Recent studies indicate that circular RNAs are involved in dysregulation of kidney in-
jury. Nevertheless, the underlying mechanisms remain largely unclear. Therefore, this 
study sought to investigate the role of circ-USP1 in the pathogenesis of early renal al-
lografts. Thirty-two male C57BL/6J mice aged between 6 and 8 weeks were divided 
into the sham and allograft groups. Thereafter, the association between miR-194-5p, 
circ-USP1 and DNMT3A was confirmed using a combination of bioinformatics and 
the luciferase reporter gene assay. Additionally, the expression of circ-USP1, miR-
194-5p and DNMT3A mRNA was detected through qPCR. Afterwards, the Western 
blot assay was performed to examine the expression of DNMT3A protein. Finally, 
the TUNEL assay was conducted to determine the rate of apoptosis in DNMT3A 
cells. The expression of circ-USP1 increased, while that of miR-194-5p decreased 
in renal allografts. Additionally, silencing circ-USP1 reduced kidney injuries caused 
by renal allografts in mice. Moreover, miR-194-5p was a target for circ-USP1, and 
DNMT3A was a target of miR-194-5p. Finally, it was shown that silencing circ-USP1 
reduced DNMT3A expression in the kidney of mice that received renal allografts. 
Circ-USP1 functions as a competing endogenous RNA for miR-194-5p. This occurs in 
order to regulate DNMT3A expression in kidney injury induced by hypoxia in acute 
renal allografts.
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Nonetheless, the technique has certain limitations including high 
cost, it is invasive, causes multiple complications and sampling er-
rors may occur.3 Renal biopsy may however completely and accu-
rately reflect the changes in renal function.3 Notably, AR poses 
a significant risk of chronic rejection (CR),4 yet the prognosis of 
CR is worse than that of AR.5 Therefore, it is necessary to find 
non-invasive markers that will aid in early and effective diagnosis 
of AR. This will help in preventing the occurrence of AR after kid-
ney transplantation and provide personalized treatment options 
for patients.

Circular RNAs (circRNAs) represent a class of non-coding RNAs 
that are extensively expressed in mammals.6 Recent studies show 
that circRNA can act as a sponge that adsorbs microRNAs (miR-
NAs) and perform biological functions. Additionally, they may be 
involved in regulating transcription and post-transcriptional pro-
cesses, alternative splicing, encoding proteins, and acting as protein 
decoys.7-9 Research evidence also indicates that they are detectable 
in the blood of patients who suffered from acute kidney injury.10 
Moreover, it was shown that urinary hsa_circ_0001334 was a new 
biomarker of AR.10

On the other hand, miRNAs are endogenously produced as 
single-stranded small RNAs of about 22 nucleotides. They bind to 
the 3' non-coding region (3' UTR) of the target gene through their 
seed sequence, leading to degradation or inhibition of post-tran-
scriptional translation.11 miRNAs serve as vital regulatory roles in 
physiological processes including cell differentiation, proliferation 
and apoptosis.12 Extensive research indicates that miRNAs are 
closely associated with the occurrence of AR.13-15 Moreover, recent 
evidence shows that miR-194-5p is involved in the progression of 
various diseases including acute myeloid leukaemia, clear cell kid-
ney carcinoma and hepatocellular carcinoma.16-18 A previous study 
showed that miR-194-5p was a target of circ-USP1 and both were in-
volved in regulating the permeability of the blood-tumour barrier.19 
Nevertheless, to the best of our knowledge, the role of miR-194-5p 
and circ-USP1 in the progression of kidney injury induced by hypoxia 
in acute renal allografts remains unknown.

DNMT3A is a 130-kDa protein that is highly conserved in ver-
tebrates and shows 98% homology between humans and mice.20 
Previous research indicates that circ-DNMT3A was down-regulated 
in mice with acute kidney injury.21 However, slight attention has 
been paid to the potential role of DNMT3A in kidney injury induced 
by hypoxia in acute renal allografts.

In this study, the expression and role of circ-USP1, miR-194-5p 
and DNMT3A in kidney injury induced by hypoxia in acute renal al-
lografts were investigated. The results showed that the expression of 
circ-USP1 was elevated in renal allografts in a time-dependent man-
ner. Notably, the expression of miR-194-5p, a previously reported 
circ-USP1 target,19 decreased in diseased kidneys. Additionally, si-
lencing circ-USP1 in mice protected them from kidney injury follow-
ing a renal allograft. Finally, reduced expression of circ-USP1 was 
accompanied by increased miR-194-5p and decreased DNMT3A ex-
pression in kidneys.

2  | METHODS

2.1 | Animal grouping and kidney transplantation

Thirty-two male C57BL/6J mice aged between 6 and 8 weeks were 
purchased from Wuhan University. The mice were then divided into 
two: the sham and allograft groups. The sham group was injected 
with 2% sodium pentobarbital (40 mg/kg) after anaesthesia; then 
the bilateral renal pedicles were exposed through an abdominal in-
cision. In the allograft group, the renal pedicle was clamped with a 
non-injured arterial clip for 25 minutes. The renal pedicle was then 
opened for perfusion.22 After ischaemia, the kidney appeared uni-
formly purple-red, but the purple pigmentation disappeared after 
removing the arterial clip. The ischaemia-reperfusion was deemed 
successful upon this observation. In the control group, the free kid-
ney pedicles were opened without clipping. After 25 minutes, the 
abdominal cavity of each group was sutured layer by layer. During 
the operation, the mice were placed on a thermostatic electric blan-
ket and maintained at 37°C. After anaesthesia, they were awakened 
and proof of life was established. After survival was confirmed, the 
mice were returned to the cage.

To evaluate the role of circ-USP1 in injuries caused by kidney 
transplantation, si-circ-USP1 or si-control (3 mg/kg body weight) 
formulated with lipid nanoparticles (Lipofectamine 3000) was in-
travenously injected into mice before allograft surgery. The renal 
allograft mouse models were established one day after injection. 
This study was approved by the Ethics Committee of the Animal 
Research Institute of Zhongnan Hospital of Wuhan University.

2.2 | Sample collection

After successful modelling, the mice were anesthetized according to 
the perfusion time of 0.5d, 1d and 3d after which blood and kidney 
specimens were collected. The collected blood was then centrifuged 
at 660 g for 15 minutes. Following centrifugation, the upper serum 
was collected and preserved in a refrigerator at −80°C. The level of 
serum creatinine was measured utilizing the Olympus analyzer. To ob-
tain a kidney sample, the inferior vena cava was isolated and 0.9% so-
dium chloride solution infused through the left ventricle. Afterwards, 
the kidney was removed once it turned white then 1/3 of it fixed in 4% 
tissue cell fixative for morphological observation. The remaining por-
tion of the kidney tissue was saved in liquid nitrogen for subsequent 
detection of mRNA and protein. Specimens for the control group were 
collected at the same time points indicated above.

2.3 | Morphological observation of kidney tissue

After fixing the kidney tissue with 4% tissue cell fixative solution for 
24 hours, it was dehydrated, embedded in paraffin, sectioned (3 μm), 
and subjected to HE staining. Afterwards, measurement and scoring 
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of renal tubulointerstitial pathological damage were blinded and 
completed by 2 experienced nephrologists. To observe and score 
renal pathological damage, each slice was randomly selected under 
a 200-fold light microscope from 10 non-overlapping visual fields at 
the junction of the cortex and medulla. The scores were as follows: a 
tubule scored 0 points, a damaged renal tubule interstitial area <25% 
scored 1 point, 25% ~ 50% scored 2 points, 50% ~ 75% scored 3 
points and >75% scored 4 points. This was a semi-quantitative analy-
sis that calculated the average values. The higher the score, the more 
severe the damage was.23

2.4 | Cell culture, transfection and model 
construction

Immortalized human renal proximal tubule (HK-2) cells were pur-
chased from the American Type Culture Collection (Manassas, VA). 
The cells were then cultured in DMEM medium consist of 10% FBS 
with 100 μg/mL penicillin and 100 µ/mL streptomycin at 5% CO2 and 
37°C. The culture medium was replaced every 2-3 days. In order to 
establish an in vitro ischaemia/reoxygenation model, cells were cul-
tured in a hypoxic environment with 1% O2, 94% N2 and 5% CO2 for 
3 hours. Then they were fostered in a complete medium with 21% O2 
for different periods (1, 3, 6, 12 and 24 hours).

2.5 | qPCR for detection of miR-194-5p, circ-
USP1 and DNMT3A mRNA levels

The tissues/cells were lysed with TRIzol, extracted with chloroform 
and isopropanol, centrifuged, and rinsed twice with 70% ethanol. 
Following this, the ethanol was evaporated at room temperature for 
20 minutes after which DEPC water was added to extract total RNA. 
Afterwards, the PrimeScript™ RT Master Mix (Takara, China) was uti-
lized to reverse-transcribe RNA to cDNA as the manufacturer's in-
structions. Finally, the levels of miR-194-5p, circ-USP1 and DNMT3A 
mRNA were measured using TB Green® Premix Ex Taq™ (Takara, 
China) according to the manufactures directions. β-actin was utilized 
as an internal control. The experimental statistics was then evaluated 
through the 2−ΔΔCt approach. The primers used are listed in Table S1.

2.6 | Western blot detection of DNMT3A 
protein expression

Briefly, the kidney tissues and cells were lysed with the RIPA lysis 
buffer, placed on ice for 30 minutes, and then ultrasonically dis-
integrated. The supernatant was collected via centrifugation at 
2640 g for 15 minutes at 4°C. The concentration of each histone 
was balanced then pre-warmed 5× loading buffer added to each. 
Afterwards, a 37°C water bath was used for 30 minutes to detect 
β-actin. Additionally, the water was boiled at 100°C for 5 minutes 
in order to detect the DNMT3A protein. 30 μg of protein sample 

was then added to each well for 10% polyacrylamide gel electro-
phoresis at a concentration gel voltage of 80 mV and the separa-
tion gel voltage of 120 mV. Thereafter, the primary (polyclonal rabbit 
anti-DNMT3A antibody 1:1000; polyclonal rabbit anti-GAPDH anti-
body 1:1000, incubated overnight at 4°C) and secondary antibodies 
were incubated (HRP-labelled goat anti-rabbit secondary antibody 
1:7000, incubated on a horizontal shaker for 60 minutes at room 
temperature). ECL was used to develop colour. Finally, the gel image 
processing system was performed to quantitatively analyse the tar-
get band.

2.7 | TUNEL assay to determine the rate of 
apoptosis in DNMT3A cells

The TUNEL reaction solution (purchased from Beijing Zhongshan 
Biological Company) was added dropwise to each group of cell sus-
pension after trypsin digestion. Thereafter, the eggs were incubated 
for 2 hours at 37°C, washed 3 times with PBS then peroxidase-la-
belled anti-ground added dropwise. This was followed by an incuba-
tion of the eggs and the Gauxin antibody in a humid box at 37°C for 
25 minutes. DAB was used for staining and haematoxylin utilized as 
a counterstain. Furthermore, PBS was used instead of the TUNEL 
reaction solution as a negative control. The positive control section 
was pre-treated with DNase I for 8 minutes and then stained based 
on the TUNEL method. The nuclei of apoptotic cells were brown, 
and 5 fields of view were observed in each section. Moreover, 200 
cells were calculated in each field and then the rate of apoptotic cells 
was measured.

2.8 | Luciferase reporter assay

The pmirGLO-DNMT3A- wild type (WT), pmirGLO-DNMT3A- mu-
tant (MUT), pmirGLO-circ-USP1-WT, pmirGLO-circ-USP1-MUT 
and miR-194-5p mimics were obtained from were purchased from 
Sangon (Shanghai, China). To verify the correlation between circ-
USP1 and miR-194-5p, we utilized Lipofectamine® 3000 to co-
transfect the constructed WT-circ-USP1 or MUT-circ-USP1 and 
mimic miR-194-5p mimic or its negative control into the HK-2 cells. 
Additionally, to validate the interaction between DNMT3A and miR-
194-5p, we applied Lipofectamine® 3000 to co-transfect the con-
structed WT- DNMT3A or MUT- DNMT3A, and mimic miR-194-5p 
mimic or its negative control into the HK-2 cells. After transfection, 
cells were subjected to the dual-luciferase reporter assay based on 
the manufacturer's protocol. The relative luciferase activity was nor-
malized to renilla luciferase activity.

2.9 | Statistical analysis

The SPSS 25.0 software was utilized for statistical analysis. 
Measurement data were expressed as means ± SD. Additionally, 
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one-way ANOVA was performed for comparison between multi-
ple groups, and the LSD test was employed for pairwise compari-
son between categories. Finally, the Dunnett T3 test was used in 
cases of uneven variance. P < .05 was considered to be statistically 
significant.

3  | RESULTS

3.1 | The expression of circ-USP1 elevated and miR-
194-5p reduced in renal allografts

To investigate abnormal gene expression in response to ischaemia in 
vivo and in vitro, renal allografts at early rejection were observed in 
engrafted kidneys. The results of RT-PCR indicated that circ-USP1 
significantly increased in a time-dependent manner at day 0.5, day 
1 and day 3 post-engraftment. In contrast, miR-194-5p remark-
ably decreased in a time-dependent fashion, in the kidney of mice 
that received renal allografts compared with the group at day 0 
(Figure 1A,B). Additionally, the HK-2 cells were cultivated in vitro, in 
an ischaemic condition (1% O2), followed by 1, 3, 6, 12 and 24h re-
oxygenation to mimic hypoxia/reoxygenation (H/R). Compared with 
the group on day 0, the circ-USP1 expression was significantly el-
evated in a time-dependent manner. However, the expression of 
miR-194-5p remarkably reduced in a time-dependent fashion in vitro 
(Figure 1C,D).

3.2 | Silencing circ-USP1 reduced injury in the 
kidney of mice that received renal allografts

To examine the vital role of circ-USP1 in mice renal allografts, the 
protein was delivered to the animals. The HE results and tubu-
lar damage scores showed that injury to the tubules significantly 
reduced after silencing circ-USP1 (Figure 2A,B). Moreover, the 
expression of circ-USP1 was remarkably down-regulated in the si-
circ-USP1 group compared with the mock group, as displayed in 
Figure 2C. Notably, no significant difference was observed in the 
serum creatinine levels and the percentage of TUNEL-positive cells 
between the sham+mock and sham+si-circ-USP1 groups. However, 
the serum creatinine levels and the ratio of TUNEL-positive cells 
were evidently lower in the allograft+si-circ-USP1 group compared 
with the allograft+mock group.

3.3 | miR-194-5p was a target for circ-USP1

Bioinformatics analysis showed that miR-194-5p might be a target 
for circ-USP1, as can be seen from Figure 3A. Next, the interaction 
between miR-194-5p and circ-USP1was examined through the lu-
ciferase reporter assay. Notably, luciferase activity was signifi-
cantly reduced in the WT-circ-USP1+miR-194-5p group compared 
with the WT-circ-USP1+mimic NC group. However, there was no 
significant change in the luciferase activity of the MUT-circ-USP1 

F I G U R E  1   The expression of circ-
USP1 elevated and miR-194-5p reduced in 
renal allografts. (A, B) Relative expression 
of circ-USP1 (A) and miR-194-5p (B) in 
the kidney of mice that received renal 
allografts at different time points. (C, D) 
The expression of circ-USP1 (C) and miR-
194-5p (D) in HK-2 cells at different time 
points. *P < .05
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group, as outlined in Figure 3B. Compared with the control probe 
group, the expression of miR-194-5p and circ-USP1 was sig-
nificantly higher in the circ-USP1 probe group in Figure 3C,D. 
Additionally, the over-expression of circ-USP1 remarkably reduced 
miR-194-5p expression in HK-2 cells of the allograft group than 
that in the allograft+si-circ-USP1 group. Nonetheless, no signifi-
cant change was witnessed in the expression of miR-194-5p be-
tween the sham+mock and sham+si-circ-USP1 groups (Figure 3E). 
These findings, therefore, reveal that miR-194-5p might be a tar-
get for circ-USP1.

3.4 | DNMT3A was a target of miR-194-5p

Bioinformatic analysis indicated that DNMT3A might be a target of 
miR-194-5p (Figure 4A). Then, the correlation between DNMT3A 
and miR-194-5p was assessed by the luciferase reporter assay. 

The luciferase assay showed that miR-194-5p over-expression de-
creased the activity of luciferase associated with WT-circ-DNMT3A 
but not the one related to MUT-circ-DNMT3A (Figure 4B). In addi-
tion, the expression of miR-194-5p was evidently lowered in the 
miR-194-5p inhibitor group than that in the inhibitor NC group 
(Figure 4C). Nevertheless, the relative DNMT3A mRNA and protein 
expression were significantly higher in the miR-194-5p inhibitor 
group, compared with the inhibitor NC group (Figure 4D,E). These 
data, therefore, reveal that DNMT3A was a target of miR-194-5p.

3.5 | Silencing circ-USP1 reduced 
expression of DNMT3A in the kidney of mice that 
received renal allografts

To further elucidate the association between DNMT3A and circ-
USP1, expression of DNMT3A was examined in the kidneys of mice. 

F I G U R E  2   Silencing circ-USP1 reduced injury in the kidney of mice that received renal allografts. A, Representative histological images of 
kidney tissues in the four groups. B, Tubular damage scores for kidney tissues in the four groups. C, Relative circ-USP1 expression in kidney 
tissues in the four groups. D, Serum creatinine levels in the four groups. E, The ratio of TUNEL-positive cells in the four groups. *P < .05
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Western blot, qPCR and IHC results showed that DNMT3A was 
down-regulated in allografts of the si-circ-USP1 group compared 
with the mock group as demonstrated in Figure 5A-E.

3.6 | Effects of circ-USP1 and miR-194-5p on the 
expression of circ-USP1, miR-194-5p and DNMT3A in 
H/R-induced HK-2 cells

As presented in Figure 6, compared with the control group, the ex-
pression of circ-USP1, DNMT3A and the rate of TUNEL-positive 
cells were significantly up-regulated in the H/R group and the H/
R+Mock group, while the expression of miR-194-5p was significantly 
down-regulated. Additionally, compared with the H/R group and 
H/R+Mock group, the expression of circ-USP1 and DNMT3A and 
the rate of TUNEL-positive cells were remarkably decreased, while 
the expression of miR-194-5p was remarkably increased in the H/
R+si-circ-USP1 group. DNMT3A expression and the rate of TUNEL-
positive cells were significantly up-regulated in the H/R+miR-194-5p 
inhibitor group compared with the H/R+mock group, while the 

miR-194-5p expression was significantly decreased. Compared with 
the H/R+si-circ-USP1 group, DNMT3A expression and the rate of 
TUNEL-positive cells in the H/R+si-circ-USP1+miR-194-5p inhibi-
tor group were significantly increased, while the expression of miR-
194-5p was significantly reduced.

4  | DISCUSSION

Our study indicated that the expression of circ-USP1 elevated, while 
that of miR-194-5p reduced in renal allografts in a time-depend-
ent manner. It was also shown that down-regulation of circ-USP1, 
through si-circ-USP1 delivery to mice, prevented kidneys from inju-
ries in renal allografts. Additionally, lower circ-USP1 expression was 
accompanied by higher miR-194-5p and lower DNMT3A expression 
in the kidney. This corroborates with previous reports showing that 
circRNAs may potentially be used as biomarkers or therapeutic tar-
gets for acute kidney injury.24

Although recent reports indicate that circ-USP1 is involved in 
the dysregulation of endothelial cell functions,19 its role in kidney 

F I G U R E  3   MiR-194-5p was a target for circ-USP1. A, Schematic representation of binding sites between circ-USP1 and miR-194-5p. B, 
Relative luciferase activities in HK-2 cells in the four groups. C, Relative expression of miR-194-5p in HK-2 cells in the two groups. D, Relative 
expression of circ-USP1 in HK-2 cells in the two groups. E, Relative expression of miR-194-5p in each group. *P < .05
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F I G U R E  4   DNMT3A was a target of miR-194-5p. A, Schematic representation of binding sites between DNMT3A and miR-194-5p. B, 
Relative luciferase activities in HK-2 cells in the four groups. C, Relative expression of miR-194-5p in HK-2 cells in the two groups. D, Relative 
expression of DNMT3A mRNA in HK-2 cells in the two groups. E, Relative expression of DNMT3A protein in HK-2 cells in the two groups. 
*P < .05

F I G U R E  5   Silencing circ-USP1 reduced DNMT3A expression in the kidney of mice that received renal allografts. A, Relative 
expression of the DNMT3A mRNA in four groups. B-C, Relative expression of the DNMT3A protein in four groups. D-E, Representative 
immunohistochemistry images of kidney tissues from sham and allograft mice. *P < .05
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diseases remains largely unclear. Gao et al found that silencing 
circ-USP increased permeability of the blood-tumour barrier by 
decreasing tight junction-related protein expression in cerebral 
microvascular endothelial cells in glioma.19 In this study, it was 
shown that silencing the circ-USP1 protects renal tubule cells from 
apoptosis. Moreover, the study showed that miR-194-5p is a target 
for circ-USP1. This finding is in line with that of Gao et al, showing 
that circ-USP1 modulated the permeability of the blood-tumour 
barrier through a miR-194-5p/FLI1-mediated pathway.19 Another 
study indicated that lower expression of miR-194-5p and higher 
expression of MALAT1, ACVR2B were related with advanced 
TNM stage, larger tumour size (≥4 cm) and poor prognosis of pa-
tients with clear cell kidney carcinoma.17 Additionally, DNMT3A 
was demonstrated to target miR-194-5p and silencing circ-USP1 
reduced DNMT3A expression in the kidney of mice that had a 
renal allograft. This result is in agreement with a prior research 
presenting that down-regulation of lncRNA NEAT1 modulated via 
miR-194-5p/DNMT3A enhanced the progression of acute myeloid 
leukaemia.25 Gondaliya et al26 found that miR29b might effec-
tively target DNMT3B, DNMT1 and DNMT3A contributing in the 
development of diabetic nephropathy in renal proximal tubular 
cells.

Our study had some strengths. First of all, it was the first study 
to examine the role of circ-USP1 in injuries caused by kidney trans-
plantation. Secondly, it is the first research to explore the relation-
ship between circ-USP1, miR-194-5p and DNMT3A in kidney injury 

induced by hypoxia in acute renal allografts. In addition, our research 
group has also identified miR-379-3p and miR-411-3p as down-
stream targets of circ-USP1, and we continue to conduct related 
experimental studies in the future.

In conclusion, circ-USP1 functions as a competing endogenous 
RNA for miR-194-5p. This serves to regulate DNMT3A expression in 
kidney injury induced by hypoxia in acute renal allografts. Therefore, 
this finding indicates that circ-USP1 may be considered as a vital 
therapeutic target in kidney injury.
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