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ABSTRACT 
Aim: To explore the role of miR-181a-5p in the progression of acute kidney injury (AKI) to renal 
interstitial fibrosis (RIF) from the perspective of DNA methylation. 
Materials & methods: The role of miR-181a-5p was confirmed by collecting clinical samples, 
injecting miR-181a-5p agomir into tail vein, and transfecting miR-181a-5p mimic in vitro . The 
mechanism of miR-181a-5p’s influence on AKI induced RIF was investigated by methylation-specific 
PCR, bioinformatic analysis, transcriptome sequencing and so on. 
Results: MiR-181a-5p plays an important role in AKI induced RIF. DNMT3b-mediated miR-181a-5p 
promoter h ypermeth ylation is the main reason f or the downregulation of miR-181a-5p. HDAC9 and 
SNAI2 are direct targets of miR-181a-5p. 
Conclusion: Hypermethylation of miR-181a-5p promot er mediat ed by DNM T3b pr omotes AKI 
induced RIF by targeting HDAC9 and SNAI2. 
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. Background 

enal interstitial fibrosis (RIF) is a common pa thw ay
or almost all types of chronic kidney disease (CKD) to
r ogr ess to end-stage renal disease, which is manifested
y activ a tion of my ofibr oblasts and excessiv e deposi-

ion of extracellular matrix [ 1 ]. Epithelial–mesenchymal
ransition (EMT) in renal tubular epithelial cells (RTEC)
s c onsidered t o be one of the most important sources
f my ofibr oblasts and a vital mechanism of RIF [ 2 ]. TGF-
1 is the key fibrotic factor and EMT inducer [ 3 ]. Acute
idney injury (AKI) is a clinical syndrome defined as a rapid
ecline in renal function that can be caused by a variety of
tiolog ies, which associat es with morbidity of 21.6% [ 4 ].
enal ischemia–reperfusion (I/R) is one of the important
auses of AKI [ 5 ]. A growing body of evidence has pr ov ed
hat AKI is closely c orrelat ed with the pr ogr ession of RIF
ha t seriously threa tens human health [ 6 ]. How ev er, few
tudies hav e addr essed the mechanism of AKI-inducing
IF, which leads to the lack of specific trea tmen t for RIF.
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Ther efor e, it is especially vital to r ev eal the potential
mechanism of RIF induced by AKI and explore the key
target of its development. 

MicroRNA (miRNA) are a class of endogenous noncod-
ing small RNA comprising 21–25 nucleotides [ 7 ]. miRNA
usually r epr esses gene expr ession via partially binding
to the 3 ′ UTR of target genes. They are the potential
diagnostic markers and therapeutic targets for many
diseases [ 8 ]. Recent studies have shown that miRNA not
only plays an important role in maintaining normal renal
function, but also participates in the pathophy siolog ical
processes of fibrosis as promoter or inhibitor [ 9 ]. As a
member of the miR-181 family, miR-181a-5p is found
to be reduced in the urinary exosomes in CKD pa tien ts
and renal tissues in rats with diabetic kidney disease.
Furthermor e, ov er expr ession of miR-181a-5p inhibits the
expr ession of fibr osis-r elated pr oteins in RTEC [ 10 , 11 ].
Based on this, we speculate that the downregulation of
miR-181a-5p might be an important factor underlying the
oc currenc e of RIF. However, it is unknown whether the
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ame phenomenon exists in the process of AKI-induced
IF and further exploration is needed. 

DNA methylation is a vital epigenetic modification
ha t regula tes gene expr ession, which r ef ers to a meth yl
ransfers from S-adenosylmethionine to the fifth carbon
t om of cyt osine under the action of DNA methyl-
r ansfer ases (DNMTs), including DNMT1, DNMT3a and
NM T3b [ 12 , 13 ]. Generally, ther e is a negativ e corr elation
etween DNA methylation and gene expression [ 14 ].
revious in vivo and in vitro studies have consistently
emonstra ted tha t abnormal DNA methyla tion causes
hanges in gene expression of key proteins involved in
xtracellular matrix regulation and sustained fibroblast
ctiv a tion, and further causes r enal fibr osis [ 15 ]. Another
tudy indicated that DNMTs inhibitors can prevent early
enal injury caused by I/R [ 16 ]. These data suggested that
NA meth ylation affects the pr ogr ession of r enal disease.
or eov er, DNA methylation also regulates miRNA expres-

ion through methylating specific promoter region [ 17 ]. 
Ov erall , w e intended to explore the role and mecha-

ism of miR-181a-5p in RIF dev eloped fr om AKI fr om the
erspective of DNA methylation in this study, so as to
nd efficient new therapeutic targets for improving RIF
ev eloped fr om AKI. 

. Materials & methods 

.1. Study pa rticipa nts 

2 pa tien ts with AKI which pr ogr essed to CKD during
ollo w-up (AKI-CKD ) and 22 healthy v olunteers fr om
hujiang Hospital of S outhern M edical University were
nrolled in this study. Mor ning ur ine samples w er e
 ollect ed and c en trifuged a t 4000 rpm for 20 min at 4 ◦C,
nd filtered for standb y. T his study has been appr ov ed
y the Medical Ethics Committee of Zhujiang Hospital
f S outhern M edical University (2017-ZYK-003). Informed
onsen t w as obtained prior t o the c ollection of samples. 

.2. Mice experiments 

57BL/6J mice w er e pur chased fr om Beijing Vital Riv er
aboratory Animal Technology Co., Ltd. All mice w er e
daptively fed at least 1 week before the e xperiment .
entobarbital (50 mg/kg) was injected intraperitoneally

or anesthesia. Bilateral renal ischemia was induced by
lamping renal pedicles for 40 min with microvascu-

ar clamps and then subjected to r eperfusion. Contr ol
ic e rec eived the same trea tmen t without renal pedicle

lamping. Mice w er e injected with miR-181a-5p agomir
r negative control agomir (5 nmol, purchased from
uangzhou RiboBio Co., Ltd) via tail vein 12 h before mod-
ling and 48 h after modeling. During the experiments,
ice w er e fr ee to ea t feed and drink w a t er. Mic e w er e
sacrificed 7 days after modeling under anesthesia. This
study was appr ov ed by the Animal Ethics Committee of
Guangdong Medical Laboratory Animal Center (C202305-
8). 

2.3. Biochemical measurements 

Blood samples from the abdominal aorta w er e col-
lect ed and c en trifuged a t 3500 rpm for 10 min. Mice
serum creatinine (Scr) and blood urea nitrogen (BUN)
w er e det ect ed using the Creatinine A ssay kit (C011-2-
1, Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) and Urea Assay kit (C013-1-1, Nanjing Jiancheng
Bioeng ineering Institut e, Nanjing, China), r espectiv ely. 

2.4. Histology 

The left kidneys of mice w er e r emov ed , fixed in 4%
paraf ormaldeh yde (Servicebio, Wuhan, China), embed-
ded in wax, and then cut into 3–5 μm thick sections.
Sections w er e then stained with hematoxylin and eosin
(H&E), Masson, and Sirius r ed . Images w er e captur ed
using a KF-PRO-005 digital pathological section scanner
(KFBIO, Ningbo, China) and analyzed with K-Viewer soft-
ware. 

2.5. Western blotting (WB) 

RIPA buffer (CWBIO, Beijing, China) was used for lysing the
tissues or c ells. Prot eins w er e quantified using the BCA
Prot ein A ssay Kit (T hermo Fisher Scientific, USA). A fter
electr ophor esis and membr ane tr ansfer, the membr anes
w er e blocked for 3 h in 5% non-fat milk and then
incuba ted with an ti-ZO-1 (1:1000, Protein tech, Wuhan,
China), an ti-E-cadherin, an ti-N-cadherin (1:1000, Cell Sig-
naling Technology, USA), anti-TGF- β1, anti-Vimentin, anti-
α-SM A, anti-DNM T1, anti-DNM T3a, anti-DNM T3b, anti-
HDAC9, anti-SNAI2 (1:500, Affinity Biosciences, USA) and
anti- β-actin (1:4000-1:20000, Affinity Biosciences, USA) at
4 ◦C overnigh t. Secondary an tibody (1:1000, Cell Signaling
Technology, USA) was then applied for 2 h incubation
at 4 ◦C. Protein bands were visualized via Immobilon
Western Chemilum HRP Substrate (Millipore, USA) and
analyzed using ImageJ. 

2.6. Semi-quantitative real-time PCR (q-PCR) 

Total RNA from urine, tissues or cells was ex trac ted
using Triz ol (AG21102, Changsha, China). T he mRNA was
r ev erse transcribed into cDNA using Evo M-MLV RT Kit
with gDNA Clean for qPCR II (AG11711, Changsha, China).
For miRNA r ev erse transcription, cDNA w as syn thesized
using miRNA first strand cDNA synthesis kit (AG11717,
Changsha, China). The qPCR was performed using SYBR 

R ©

Gr een Pr emix Pr o Taq HS qPCR Kit (AG11701, Changsha,
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hina) with appropriate primers ( Supplementary Tables
1 & S2 ). All the primers w er e synthesiz ed b y Guangzhou
iboBio Co., Ltd or Shenzhen Huada Gene Technology Co.,
td. 

.7. Cells culture & treatment 

K-2 cells w er e kindly supplied by Professor Ming Wang
rom S outhern M edical Univ ersity. NRK-52E cells w er e
indly pro vided b y Pr ofessor Xiaoli Nie fr om Southern
edical University. HK-2 cells were cultured in MEM

AGLE medium (BI, Israel) with 10% fetal bovine serum
FBS, BI, Israel) and 1% Pen-Strep Solution (BI, Israel). NRK-
2E cells w er e main tained in DMEM medium (Viv aCell,
ermany) supplemented with 10% FBS and 1% Pen-Strep
olution. They w er e main tained a t 37 ◦C and 5% CO 2 in a
umidified chamber. TGF- β1 (5, 10 ng/ml for 24 or 48 h,
eprotech, USA) or azacitidine (Aza, 5, 10, 20, 40 μM for
8 h, InvivoChem, Guangzhou, China) were added where
eeded. 

.8. Transfection of miRNA mimic & inhibitor 

K-2 cells and NRK-52E cells w er e seeded into 12-well
lates, and transfection was started when the cell density

eached 40–60%. Cells were transfected with miR-181a-
p mimic (50 nM), miR-181a-5p inhibitor (100 nM) and
ppropria te nega tive con trols using lipofectamine 6000
Bey otime, Shanghai, China). The mimic , inhibitor and
ega tive con trols were purchased from Guangzhou Ribo-
io Co., Ltd. Cells w er e harv est ed 48 h aft er transfection. 

.9. Sc ra tch wound assay 

K-2 cells (4 × 10 5 cells/well) and NRK-52E cells (2 × 10 5

ells/w ell) w er e seeded into 12-w ell plates. When the
 ells g rew t o 100% and fused , they w er e scratched
ith a 200 μl gun tip and washed with PBS twic e t o

 emov e detached cells. During the e xperiment , HK-2 cells
 er e cultur ed with cultur e medium containing 5% FBS,

nd NRK-52E cells w er e cultur ed with cultur e medium
ontaining 1% FBS. At the same time, cells w er e tr eated
ifferently ac c ording t o the experiment g rouping desig n.
electing the same point of view to take a picture at 0 and
4 h (or 12 h) to observe the cell migration. The migration
rea was analyzed by ImageJ software. 

.10. Transwell assay 

K-2 cells (2.5 × 10 5 cells/ml) and NRK-52E cells (1 × 10 5

ells/ml) w er e suspended in serum-fr ee cultur e medium.
o the upper chamber of the transwell sy st em (Corning,
SA), 100 μl cell suspension was added. To the lower
hamber of the transwell sy st em, 500 μl culture medium
ontaining 10% FBS was added. After 24 h, cells w er e
tr eated differ ently ac c ording t o the experiment g rouping
design. Cells w er e fixed with 75% ethanol a t 4 ◦C overnigh t
after ending the in terven tion and stained with crystal
violet (Beyotime, Shanghai, China) for at least 30 min.
Unmig rat ed c ells w er e r emov ed fr om the upper surface
of the membrane by gently scrubbing with a c ott on
tipped swab. After drying, cells w er e observ ed and
phot og raphed under an inverted microscope (Olympus,
Japan). 

2.11. Immunofluoresc enc e 

HK-2 cells and NRK-52E cells w er e seeded in confocal
culture dishes at a seeding density of 3 × 10 4 cells/dish.
After 24 h, cells w er e tr eated differ ently accor ding to the
experiment grouping design. After trea tmen t, the cells
w er e washed with PBS, fixed with 4% paraf ormaldeh yde
at room temperature for 15 min or overnight at 4 ◦C,
follo wed b y a rinse with PBS three-times. T he cells w er e
permeabilized with 0.2% Triton X-100 (Solarbio, Beijing,
China) for 10 min, washed once with PBS, and blocked
with 5% bovine serum albumin for 1 h. Then, cells w er e
trea ted with Vimen tin primary an tibody (1:200) overnigh t
at 4 ◦C. The next day, the cells w er e washed thr ee-times
with PBS and incubated with A le xa Fluor 488-labeled
Goa t An ti-Rabbit IgG (H + L) (Beyotime, Shanghai, China)
for 1.5 h at r oom temperatur e. Cells w er e then washed
three-times with PBS and nuclei w er e stained with DAPI
(Beyotime) for 15 min. After washing with PBS for three-
times, fresh PBS was added, and cells were imaged by
confocal laser scanning microscopy (ZEISS, Germany). 

2.12. Methyla tion-spec ific PCR (MSP) 

DNA was ex trac ted using SteadyPur e Univ ersal Genomic
DNA Ex trac tion Kit (AG21009, Changsha, China). Follow-
ing DNA ex trac tion, samples w er e bisulfit e c onvert ed
using DNA Bisulfite Conversion Kit (DP215, TIANGEN,
Beijing, China). Bisulfit e c onvert ed genomic DNA was
PCR amplified using MethyTect Taq HS PCR kit for
bisulfit e-treat ed DNA (AG11209, Changsha, China) and
methylation specific primers ( Supplementary Table S3 )
fr om Invitr ogen. MSP pr oducts w er e analyz ed b y elec-
tr ophor esis on 3% agarose (Biosharp, Hefei, China). 

2.13. Bioinformatic analysis 

GSE66494 da taset w as obtained fr om Gene Expr ession
Omnibus (GEO) database ( https://www.ncbi.nlm.nih.gov
/geo/), including gene expression information of healthy
people and CKD pa tien ts in kidney tissue. Weighted
gene co-expr ession netw ork analy sis (WGCNA) was c on-
structed through the R package “WGCNA” to identify the
modules with the highest relevance for pa tien ts with CKD.
The hierarchical clustering tree was established based on

https://www.ncbi.nlm.nih.gov/geo/
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he correlation coefficients. The branches of the cluster
ree highlighted different genetic modules, which were
ndica ted by differen t colors. The module eigengene (ME)
f each module was calculated. The correlation between
odules and traits was described with a heatmap. 

.14. Transc riptome sequenc ing 

ft er t otal RNA ex trac tion and library construc tion,
equencing was performed on the Illumina Novaseq 

TM

000 by LC Bio Technology CO., Lt d. Aft er the sequencing,
he data from the LC-Bio cloud pla tform w as downloaded
nd analyzed. Genes with fold change ≥ 2 ( | log2FC |≥1)
nd q < 0.05 (adjusted p -values < 0.05) w er e used for the
ext step of the analysis. 

.15. Prediction & screening of miR-181a-5p t ar get 
genes 

he target genes of miR-181a-5p w er e pr edicted thr ough
argetScan da tabase ( h ttps://www.targetscan.org/vert _ 8
/) and miRDB database ( https:// mirdb.org/ ). The pre-
icted results of the two databases int ersect ed with the
ownr egulated differ ential genes obtained by sequenc-

ng, and the obtained genes w er e the candidate target
enes of the initial screening of miR-181a-5p. Further,

he genes that w er e supported by the lit erature t o be
utually regulated with TGF- β1 w er e selected as the final
iR-181a-5p candidate target genes. 

.16. D ual luc iferase reporter assay 

uciferase reporter gene vectors were c onstruct ed by
uangzhou RiboBio Co., Ltd. Then, the luciferase reporter
ene vectors were c otransfect ed int o HK-2 c ells with miR-
81a-5p NC or miR-181a-5p mimic using lipofectamine
000 transfection r eagent, r espectiv ely. The luciferase
ctivity of the luciferase reporter gene vectors was
et ermined with Duo-Lit e TM Luciferase A ssa y S y st em

DD1205, Vazyme, Nanjing, China). 

.17. Immunohisto chemical a nalysis 

he presence of HDAC9 and SNAI2 was confirmed in
idney tissues by immunohistochemistry. Sections w er e
ewaxed , hy drated , and subjected to antigen repair in
itric acid buffer (PythonBio, Guangzhou, China) at high
emperature for 10 min. Then, 3% hy dr ogen per oxide
Macklin, Shanghai, China) was used to inhibit endoge-
ous peroxidase activity for 10 min, and sections w er e
locked with 5% bovine serum albumin for 15 min. Sec-

ions w er e incubated ov ernight with primary antibody
t 4 ◦C, and with horseradish peroxidase-c onjugat ed goat
n tirabbit IgG an tibody (Gene Tech, Shanghai, China) at
 oom temperatur e for 30 min. Color was developed using
diaminobenzidine (Gene Tech) and nuclei w er e stained
with hematoxylin. Images w er e captur ed using a KF-PRO-
005 digital pathological section scanner and analyzed
with K-Viewer software. 

2.18. St atistical analy sis 

SPSS 26.0 softw are w as used for sta tistical da ta analysis,
and GraphPad Prism 8.0 softw are w as used for graphing.
The experimental data w er e sho wn b y mean ± SD.
Independent sample’s t -test was used for comparison
bet ween the t wo g roups. One-way Analy sis of variance
was used for comparison between multiple groups.
Least-Sig nificant Differenc e t est was used when variance
was uniform, and Dunnett’s T3 test was used when
v ariance w as unev en. Results w er e consider ed statistically
significan t a t a level of p < 0.05. 

3. Results 

3.1. MiR-181a-5p is significantly downregulated in 

the urine of AKI-CKD patients & kidney tissue of 
I/R mice 

To determine the expression changes of miR-181a-5p
in RIF developed from AKI, we det ect ed the expression
levels of miR-181a-5p in the urine of AKI-CKD pa tien ts. As
shown in Figure 1 A, miR-181a-5p expression levels in the
urine of AKI-CKD pa tien ts w er e significantly decr eased
compared with that of healthy volunt eers. I/R-induc ed
mouse AKI model w er e also established to determine
whether miR-181a-5p was inv olv ed in RIF dev eloped
fr om AKI ( Figur e 1 B). We found that compared with
the c ontrol g roup, I/R mic e showed decreased renal
function, pathological damage of kidney tissue and
abnormal expr ession lev els of fibr osis r elated pr oteins in
kidney tissue, suggesting that I/R mice had developed
RIF ( Figure 1 C–K). Ne xt , we det ect ed the miR-181a-5p
expr ession lev els in kidney tissue fr om both contr ol
mice underwent sham operation (Sham) and model mice
r eceiv ed I/R, and to analyze the differ ences betw een
the two groups. The results showed that miR-181a-5p
expr ession lev els in I/R mice w er e significantly decr eased
compared with the Sham group as shown in Figure 1 L.
These da ta indica ted tha t miR-181a-5p ma y pla y a key role
in RIF developed from AKI. 

3.2. Overexpression of miR-181a-5p improves renal 
function, ameliorates renal tissue injury & 

fibrosis in mice 

To investigate whether miR-181a-5p plays a role in RIF
dev eloped fr om AKI, miR-181a-5p agomir or negative
control agomir were injected into mice via the tail vein
( Figur e 2 A). Ov er expr ession of miR-181a-5p was pr ov ed

https://www.targetscan.org/vert_80/
https://mirdb.org/
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Figure 1. Expression of miR-181a-5p in the urine of acute kidney injury-chronic kidney disease patients and kidney tissue of 
ischemia–reperfusion mice. (A) Expression of miR-181a-5p in the urine of AKI-CKD patients were det ect ed b y q-PCR (n = 22, 
** p < 0.01). (B) Flow diag r am of mice e xperimen tal design (This image was created with BioRender.com ). (C & D) Scr and BUN levels in 
mice (n = 7, *** p < 0.001). (E) Repr esentativ e images of H&E staining, Masson staining and Sirius red staining to detect renal tissue 
injury and fibrosis. Scale bars: 100 μm. (F) Representative images of TGF- β1, E-cadherin, N-cadherin, vimentin and α-SMA by WB. Each 
lane corresponds to a sample from an individual mouse. (G–K) Grayscale analysis of TGF- β1, E-cadherin, N-cadherin, vimentin and 
α-SMA, β-actin as internal r efer ence (n = 3, * p < 0.05; ** p < 0.01; *** p < 0.001). (L) Expression of miR-181a-5p in kidney tissue of I/R 
mice w er e det ect ed b y q-PCR (n = 7, * p < 0.05). 
AKI: Acute kidney injury; BUN: Blood urea nitrogen; CKD: Chronic kidney disease; H&E: Hematoxylin and eosin; I/R: 
Ischemia–reperfusion; S cr : S erum creatinine. 
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Figure 2. Effects of miR-181a-5p on renal function, renal tissue injury and renal interstitial fibrosis in mice. (A) Flow diag r am of mice 
e xperimen tal design (This image was created with BioRender.com ). (B) Expression of miR-181a-5p in kidney tissue of mice w er e 
det ect ed b y q-PCR (n = 5, * p < 0.05, ** p < 0.01). (C & D) Scr and BUN levels in mice (n = 5, * p < 0.05, ** p < 0.01, *** p < 0.001). (E) 
Repr esentativ e images of H&E staining, Masson staining and Sirius red staining to detect renal tissue injury and fibrosis. Scale bars: 
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Kidney sections stained with Masson and Sirius r ed ,
nd tissue fibrosis markers were det ect ed t o ev alua te the
ffects of miR-181a-5p on RIF. Hist olog ical c omparison
 ev ealed that the deposition of renal interstitial collagen
bers was obvious in I/R mic e, which suggest ed suc c ess-

ul establishment of the RIF model. On the other hand,
iR-181a-5p agomir trea tmen t reduced the areas of colla-

en deposition ( Figure 2 E). The levels of fibrosis markers,
GF- β1, E-cadherin, N-cadherin, vimentin and α-SMA,

n kidney tissue w er e det ect ed by WB to further verify
he effects of miR-181a-5p. Likewise, results showed that
v er-expr ession of miR-181a-5p significantly r estor ed the
levels of fibrosis markers in kidney tissue ( Figure 2 F–K).
These results demonstrate that ov er expr ession of miR-
181a-5p impr ov es r enal function, ameliorates r enal tissue
injury and fibrosis. 

3.3. Overexpression of miR-181a-5p inhibits RTEC 

migration & EMT 

We used the q-PCR to detect the levels of miR-181a-5p
in TGF- β1-treated RTEC. We showed that TGF- β1 strongly
reduces miR-181a-5p levels in a dose-dependent and
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ime-dependent manner ( Figure 3 A & B). Notably, the
aximum effect of downregulation of miR-181a-5p w er e

bserved after in terven tion with TGF- β1 (10 ng/ml) for
8 h, ther efor e, this condition w as used for subsequen t in
itro experiments. 

To assess the effects of miR-181a-5p on RIF in vitro ,
iR-181a-5p mimic or negative control were transfected

nto HK-2 cells and NRK-52E cells, and transfection effi-
iency w er e confirmed thr ough q-PCR ( Supplementary
igur e S1 ). A scratch w ound assay was applied to measur e
he effects of miR-181a-5p on the migration of HK-2
 ells or NRK-52E c ells. T he results sho wed tha t trea tmen t
ith miR-181a-5p mimic significan tly blun ted the motility
f cells, which is determined by the migration region
 Figure 3 C–E). Transwell assay further confirmed the
bility of miR-181a-5p t o att enuat e mig ration ( Figure 3 F–
), and this assay is another widely used method for
ssessing cell migration. 

To v alida te the effects of miR-181a-5p on EMT in RTEC,
e det ect ed the expr ession of EM T-r elated pr oteins in HK-
 cells and NRK-52E cells by using WB. As illustrated in
igure 3 I–K, ZO-1 was decreased upon exposure to TGF-
1, and N-cadherin, vimentin and α-SM A w er e elev a ted

ollowing TGF- β1 trea tmen t . As e xpected , ov er expr ession
f miR-181a-5p r ev ersed these changes. The trends of
imentin observed by immunofluoresc enc e were c onsis-
ent with the WB results ( Supplementary Figure S2 ). These
ata strongly suggests that ov er expr ession of miR-181a-
p inhibits RTEC migration and EMT. 

.4. DNMT3b affects miR-181a-5p promoter DNA 

methylation 

NA methylation in promoter regions often r epr ess
iRNAs expression [ 17 ]. To explore the relationship

etw een miR-181a-5p pr omoter methylation and RIF, w e
erformed MSP assay on miR-181a-5p promoter region
f HK-2 cells and semiquan tita tively analyzed the PCR
roducts. It should be noted that since hsa-miR-181a-
p is encoded by MIR181A2HG, we selected 2000 bp
pstream and 200 bp downstream of the transcription
tart site of MIR181A2HG as the promot er sequenc e. The
 oordinat es of amplification region ranged from + 16
o + 128 (see schema tic, Supplemen tary Figure S3 ). As
hown in Figure 4 A & B, miR-181a-5p promoter displayed
ow basal methylation (about 2%); how ev er fibr otic model
 ells induc ed by TGF- β1 exhibit ed increased methylation
p to 13%, suggesting that miR-181a-5p suppression

n TGF- β1-treated RTEC is likely due to miR-181a-5p
romoter h ypermeth ylation. 

To further identify the upstream causal events leading
o the h ypermeth ylation of the miR-181a-5p promoter,
e downloaded the GSE66494 dataset from the GEO
database and used WGCNA to identify the gene groups
with the highest relevance to CKD disease. As shown in
Supplementary Figure S4 & Figure 4 C, a sum of seven
modules w er e r ev ealed by the WGCNA analysis. In par-
ticular, the blue module had a strong positive association
with CKD pa tien ts, and DNMT3A and DNMT3B w er e also
included in the WGCNA blue module ( Supplementary
Table S4 ). We further analyzed the expression of DNMT3A
and DNMT3B , and the r esults show ed that the expression
of DNMT3A and DNMT3B in kidney tissues of CKD pa tien ts
w er e significantly higher than that of healthy people
( Figure 4 D & E). Moreover , DNMT s levels were examined
in RTEC via WB. HK-2 cells displayed marked increase of
DNMT3a and DNMT3b proteins, meanwhile DNMT1 level
decr eased , wher eas DNM T3b lev el incr eased in NRK-52E
cells ( Figure 4 F–H). No significant changes in expression
w er e noted for DNMT1 in HK-2 cells and DNMT3a in
NRK-52E c ells. Sinc e DNA h ypermeth ylation is caused by
gain of DNMTs activities [ 18 ], the data described above
suggest that DNMT3b is probably responsible for miR-
181a-5p promoter h ypermeth yla tion. Our q-PCR da ta also
v alida ted this finding ( Figure 4 I). It is worth mentioning
tha t downregula tion of miR-181a-5p induced by TGF- β1
was inhibited by Aza, a DNMTs inhibitor ( Figure 4 J). Taken
together, these findings indicate that aberrant DNMT3b-
associated miR-181a-5p promoter h ypermeth ylation sup-
presses miR-181a-5p in RTEC. 

3.5. HDAC9 & SNAI2 are direct t ar gets of 
miR-181a-5p 

We performed Absolute Quan tita tive Transcriptome
Sequencing to analyze the differential genes expression
by assessing v aria tion between the transcriptomes of
miR-NC mimic group and miR-181a-5p mimic group.
Compar ed with contr ol , ther e w er e 191 genes up-
regulated and 356 genes downregulated in miR-181a-5p
mimic group, as shown in the volcano plot ( Figure 5 A). It is
known that miRNAs bind to the 3 ′ UTR of the target genes
to r epr ess the lev els of the target genes [ 8 ]. Ther efor e,
the downr egulated differ ential genes w er e selected for
intersection with miR-181a-5p target genes predicted
by TargetScan database and miRDB database. A total
of eigh t candida te target genes w er e identified in the
Venn diagram overlapping regions ( Figure 5 B). Based on
other literatur e, w e found that HDAC9 [ 19 ], SERPINE1 [ 20 ],
SNAI2 [ 21 ] and TNS1 [ 22 ] have been shown to interact
with TGF- β1; thus, these genes w er e highlighted as the
final candidate target genes. 

The transfection efficiency of miR-181a-5p mimic
and inhibitor w er e examined by q-PCR ( Supplementary
Figures S1 & S5 ). q-PCR was performed to verify the
expressions of the candidate target genes. The results in
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Figure 3. Effects of miR-181a-5p on mig r ation and epithelial–mesenchymal transition in renal tubular epithelial cells. (A & B) 
Expression of miR-181a-5p in TGF- β1-treated HK-2 cells and NRK-52E cells w er e det ect ed b y q-PCR (n = 3, * p < 0.05, ** p < 0.01). (C) 
Repr esentativ e images of scratch wound assay to observe mig r ation ability. Scale bars: 200 μm. (D & E) Quantitative analysis of 
mig r ation area of HK-2 and NRK-52E cells (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001). (F) Repr esentativ e images of transwell assay to 
observe mig r ation ability. Scale bars: 100 μm. (G & H) HK -2 and NRK -52E cells mig r ation number analysis (n = 3, ** p < 0.01, 
*** p < 0.001). (I) Repr esentativ e images of ZO-1, N-cadherin, vimentin and α-SMA by WB. (J & K) Grayscale analysis of ZO-1, 
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& H) Grayscale analysis of DNMT1, DNMT3a and DNMT3b, β-actin as internal r efer ence (n = 3, * p < 0.05, ** p < 0.01). (I) Expression of 
DNMT3B in HK-2 cells w er e det ect ed b y q-PCR (n = 3, *** p < 0.001). (J) Expr ession of miR-181a-5p in HK-2 cells w er e det ect ed b y q-PCR 
(n = 3, ** p < 0.01, *** p < 0.001). 
MSP : Meth yla tion-specific PCR; WGCNA: Weighted gene c o-expr ession netw ork analysis. 
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igure 5 C & D depicted that the levels of HDAC9 , SERPINE1 ,
NAI2 and TNS1 mRNA w er e significantly downr egulated
y the ov er expr ession of miR-181a-5p, while only HDAC9
nd SNAI2 expression were upregulated by the inhibitors
or miR-181a-5p. This implies that HDAC9 and SNAI2
r e mor e likely target genes of miR-181a-5p. Further
B analyses r ev ealed that ov er expr ession of miR-181a-

p effectively downregulated HDAC9 and SNAI2 protein
xpression; a contrary result was observed when miR-
81a-5p was inhibited ( Figure 5 E–G), which agrees with
he expected result. 

U sing bioinformatics analy sis, we found that miR-181a-
p contains specific binding sequences of the 3 ′ UTR
egions of HDAC9 and SNAI2 . The binding sites between
he 3 ′ UTR sequences of HDAC9 and SNAI2 and the 5 ′ end
equence of miR-181a-5p w er e shown in Figure 5 H–J. We
urther sought to determine whether HDAC9 and SNAI2
r e the dir ect targets of miR-181a-5p by performing a
ual luciferase reporter assay. The results displayed that

he r elativ e luciferase activity was obviously suppr essed
n HK-2 cells co-transfected with miR-181a-5p mimic and
uciferase reporter vect ors c ontaining wild-type HDAC9
position 498–503 rather than 1848–1853) or SNAI2 3 ′ UTR;

hereas the inhibitory effects w er e abolished when
DAC9 or SNAI2 binding sites w er e mutated ( Figur e 5 K–
). This data demonstrates that HDAC9 and SNAI2 are

irect targets of miR-181a-5p. 
Ne xt , I/R mic e inject ed with miR-181a-5p agomir via

he tail vein were used to examine the mRNA expressions
f HDAC9 and SNAI2 in kidney tissue by q-PCR ( Figure 5 N
 O), and the pr otein lev els of HDAC9 and SNAI2 by WB
 Figure 5 P–R) and immunohistochemistry ( Figure 5 S). The
 esults show ed that the expr essions of HDAC9 and SNAI2
 er e r educed at both the gene lev el and the pr otein lev el

fter ov er expr ession of miR-181a-5p in vivo , which once
gain pr ov ed that HDAC9 and SNAI2 are targets of miR-
81a-5p in vivo . 

. Discussion 

idney, as a highly perfused organ and is prone to sustain
/R injury [ 23 ], which can lead to AKI and subsequent
IF [ 24 ]. How ev er, the mechanism of RIF dev eloped fr om
KI has not been fully elucidated. In this study, we
rst demonstrated the significant role of miR-181a-5p in
IF dev eloped fr om AKI. DNM T3b-mediated miR-181a-5p
romoter h ypermeth ylation is the main reason for the
ownregulation of miR-181a-5p. Furthermore, HDAC9
nd SNAI2 are direct targets of miR-181a-5p. 

As one of the spliceosomes produced by human pre-
iR-181a, miR-181a-5p is inv olv ed in v arious pa thophys-

olog ical proc esses such as tumor metastasis, adipoge-
esis, cartilage degeneration and myogenic differentia-
tion [ 11 ]. Although previous studies have described the
effects of miR-181a-5p on the pr ogr ession of RIF [ 10 , 11 ],
and our study has also shown that miR-181a-5p is
reduced in the urine of pa tien ts with AKI-CKD, few studies
hav e explor ed its r ole in AKI-induced RIF. Ther efor e,
we chose a bilateral renal I/R model t o simulat e the
transition from AKI to RIF, which is considered to be more
c onsist ent with human pathophy siolog ical situations, as
both kidneys are affected in human pa tien ts [ 25 ]. Pa tho-
logical staining and detection of fibrosis markers showed
that I/R suc c essfully induc ed RIF, which was c onsist ent
with other studies [ 26 , 27 ]. Meanwhile, we observed a
decrease in miR-181a-5p expression in kidney tissue of
I/R mic e, which was c onsist ent with our expectations.
To investigate whether miR-181a-5p has a protective
effect on I/R mice, we injected miR-181a-5p agomir into
the tail vein to overexpress miR-181a-5p in I/R mice.
Ov er expr ession of miR-181a-5p significantly reduced
Scr and BUN lev els, impr ov ed abnormal pathological
changes and normalized the expression of fibr osis-r elated
pr oteins. These r esults confirmed the beneficial effects
of miR-181a-5p on renal function, renal tissue injury and
fibrosis in I/R mice. 

Similarly to the in vivo r esults, w e observ ed a decr ease
in miR-181a-5p expression in TGF- β1-induced EMT mod-
els in RTEC, which was dose-dependent and time-
dependen t. To further investiga te the effect of miR-
181a-5p on EMT in RTEC, we c onduct ed in vitr o studies.
Enhanc ed c ell mig rat ory capacity is one of the important
cyt olog ical behaviors during EMT in RTEC. When the
cell phenotype is transformed , fibr oblasts ar e activ a ted
t o bec ome my ofibr oblasts which possess the enlarged
spindle-shaped morphology and acquire a r elativ ely
g reat er mig ration ability [ 28 ]. Fortunat ely, scrat ch wound
assay and transwell assay indicted that miR-181a-5p
a ttenua ted the migratory capacity of RTEC. A recent study
by Wang et al. [ 29 ] showed that the mig rat ory capacity
of human hepatic st ellat e c ells treat ed with TGF- β1 was
weakened after transfection with miR-181a-5p mimic and
vice versa , which is c onsist ent with our experimental
observ a tions. The av ailable evidence dir ectly or indir ectly
indica tes tha t miR-181a-5p corrects abnormal expression
of Vimentin and α-SMA [ 29 , 30 ]. These findings are
c onsist ent with the expression of EM T-r elated pr oteins w e
measur ed , further confirming that miR-181a-5p plays a
vital inhibitory role in EMT in RTEC. 

In r ecent y ears, DNA methylation and miRNA hav e
become hot topics in the study of the mechanism of
RIF, as they can not only affect RIF as independent
factors but also interact with each other to affect the
disease process. Specifically, higher methylation levels of
pr omoter r egions of miR-125a-5p [ 31 ], miR-138 [ 32 ] and
miR-129-2 [ 33 ] have been reported in tumor tissues or
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lood of pa tien ts with breast canc er, c ervical canc er and
hronic lymphocytic leukemia compared with the control
r oup. How ev er, abnormal methylation of miRNA has not
een reported in RIF. To investigate this, we ev alua ted the
ethylation of miR-181a-5p promoter region during RIF

sing MSP and found that it was highly methylated after
GF- β1 stimulation. This suggests that the downregula-
ion of miR-181a-5p induced by TGF- β1 is likely due to
 ypermeth ylation of the miR-181a-5p promoter region. It

s worth mentioning that since we designed different MSP
rimers for several regions with CpG sites, and selected

he pair with the best effect through screening, MSP also
rovided us with the possibility of preliminary screening
f methylation sites. Of course, bisulfite sequencing is
till needed to further explore the exact location of

ethylation, which will be the focus of our follow-up
 esear ch. 

T he mechanism b y which h ypermeth ylation of the
iR-181a-5p pr omoter r emains a my st ery. DNMT1,
NM T3a and DNM T3b ar e the major activ e DNM Ts found

n mammals [ 34 ]. DNMT1 is the most abundant and
 ontribut es t o the maint enanc e of DNA methylation,
hile DNMT3a and DNMT3b promote methylation at
reviously unmethylat ed sit es [ 35 , 36 ]. In this study, we
used bioinformatic analysis to show that DNMT3A and
DNMT3B w er e highly expr essed in kidney tissues of
CKD pa tien ts. Furthermor e, w e det ect ed the levels of
DNMTs in RETC and found that the level of DNMT3b
increased at both gene and protein levels, indicating
that DNMT3b is the key upstream target of miR-181a-5p
promoter h ypermeth ylation. An impr essiv e study fr om
Joo-Hoo Park’s group suggess that TGF- β1 causes high
expression of DNMT1, DNMT3a and DNMT3b genes and
proteins in human airway epithelial cells, resulting in
abnormal expression of EMT-related proteins, which can
be r ev ersed by DNM Ts inhibit or [ 37 ]. Int erestingly, in our
study, Aza, which acts as a DNMTs inhibit or, abrogat es the
miR-181a-5p inhibition effect of TGF- β1. These results
fur ther suppor t the hypothesis that DNM T3b pr omotes
the h ypermeth ylation of the miR-181a-5p promoter. 

We w er e inter ested in exploring the downstream
targets of miR-181a-5p using transcriptome sequencing,
bioinformatics analysis and experiments in vitro and in
vivo . We confirmed HDAC9 and SNAI2 as direct functional
targets of miR-181a-5p by dual luciferase reporter assay.
Previous studies have shown that HDAC9 is significantly
upregulated in kidney tissue of diabetic kidney disease
pa tien ts, and tha t silencing of HDAC9 mitiga ted renal

http://BioRender.com


958 H. LIU ET AL. 

d  

h  

a  

n  

s  

w  

5  

i  

1  

S  

E  

w  

a  

T  

t  

S  

t

5

I  

r  

d  

g  

p  

S  

f  

a  

W  

5  

e  

f

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

amage in db/db mice [ 38 ]. k nock ing down HDAC9 in
epa tic stella te cells reduced TGF- β1 levels and returned
berrant expression of fibrosis-related genes to the
ormal level [ 19 ]. Our study, combined with previous
tudies, suggests that HDAC9 binding to miR-181a-5p
as gradually replaced by free HDAC9 after miR-181a-

p was downregulated by TGF- β1, further causing the
ncrease of TGF- β1 and forming a cycle of “TGF- β1-miR-
81a-5p-HDAC9-TGF- β1” t o facilitat e the prog ress of RIF.
NAI2, also known as Slug, is characterized as a strong
-cadherin suppressor and a major inducer of EMT, as
ell as an importan t media tor of twist-induced EMT

nd metastasis [ 39 ]. Multiple studies have displayed that
GF- β1 can induce SNAI2 to initiate RIF [ 40–42 ]. Taken
ogether, w e believ e that the incr ease of HDAC9 and
NAI2, direct targets of miR-181a-5p, plays a vital role in
he process of abnormal miR-181a-5p mediating RIF. 

. Conclusion 

n summary, our study r ev ealed a novel miR-181a-5p-
elated mechanism underlying the pathology of RIF
ev eloped fr om AKI. Patholog ical c onditions c ould trig-
er the expression of DNMT3B mRNA and DNMT3b
rotein in RTEC, consequently enhancing HDAC9 and
NAI2 expressions via decreased miR-181a-5p expression

ollowing its promoter hypermethylation. These events
r e collectiv ely r esponsible for AKI-induced RIF ( Figur e 6 ).
e an ticipa te tha t argeting the DNMT3B/miR-181a-

p/HDAC9 and SNAI2 pa thw a y ma y r epr esent a new
ffective therapeutic option for tr eating RIF dev eloped
rom AKI. 

Article highlights 

Background 
• Renal interstitial fibrosis (RIF) is a common pathway in the 

pr ogr ession of almost all types of chronic kidney disease (CKD) to 
end-stage renal disease, which severely threatens human health. 
Acute kidney injury (AKI) is a common clinical syndrome, which is 
closely c orrela ted with the pr ogr ession of RIF. How ev er, the 
underlying mechanism of AKI-inducing RIF remains unclear. 

MiR-181a-5p is significantly downregula t ed in the urine of 
AKI-CKD patients & kidney tissue of ischemia–reperfusion 
(I/R) mice 
• miR-181a-5p expression levels in the urine of AKI-CKD patients 

w er e significantly decreased compared with that of healthy 
volunteers. 

• Compared with the control group, I/R mice showed decreased renal 
function, pathological damage of kidney tissue, and abnormal 
expr ession lev els of fibr osis r elated pr oteins in kidney tissue. 

• miR-181a-5p expression levels in I/R mice were significantly 
decr eased compar ed with the Sham gr oup. 

Over expr ession of miR-181a-5p improves renal function, 
ameliora t es renal tissue injury & fibrosis in mice 
• Serum creatinine and blood urea nitrogen levels were higher after 

I/R injury in mice, and these two indicators showed a significant 
decr ease tr end after miR-181a-5p agomir tr ea tment . 

• I/R led to dilation of renal tubules, sloughing of renal tubular 
epithelial cells (RTEC) and infiltration of inflammatory cells in the 
r enal str oma int erstitium, while o v er expr ession of miR-181a-5p 
alleviated these phenomena. 

• Over -e xpression of miR-181a-5p significantly restored the levels of 
fibrosis markers in kidney tissue. 

Over expr ession of miR-181a-5p inhibits RTEC migration & 
epithelial–mesenchymal transition 
• miR-181a-5p mimic treatment markedly blunted the motility of 

RTEC. 
• Over -e xpression of miR-181a-5p significantly restored the levels of 

fibrosis markers in RTEC. 
DNMT3b affects miR-181a-5p promoter DNA methylation 
• TGF- β1 induced h ypermeth ylation of the miR-181a-5p promoter. 
• DNMT3b was significantly upregulated in the kidney tissue of CKD 

patients and RTEC that developed epithelial–mesenchymal 
transition. 

• Aza, which inhibits DNMT3b activity, significantly r estor ed the loss 
of miR-181a-5p. 

HDAC9 & SNAI2 are direct targets of miR-181a-5p 
• HDAC9 and SNAI2 w er e identified as the direct targets of 

miR-181a-5p. 
Conclusion 
• Hypermethylation of miR-181a-5p promoter mediated by DNMT3b 

promotes RIF developed from AKI by targeting HDAC9 and SNAI2. 
• We anticipate that argeting the DNMT3B/miR-181a-5p/HDAC9 and 

SNAI2 pathway may r epr esent a new effective therapeutic option 
for treating RIF developed from AKI. 
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