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Abstract

Background Chronic kidney disease (CKD) has emerged as a major health problem worldwide. Previous studies have
shown that specific miRNA expression profiles of patients with CKD are significantly changed. In this study, we aim to
elucidate the role of miRNAs as potential biomarkers in CKD progression by integrating bioinformatics analysis with
experimental validation, thereby providing medical evidence for the prevention and treatment of CKD.

Method Bioinformatics analysis was used to identify potential targets and pathways in CKD-associated renal fibrosis
through randomly obtaining miRNA microarray data related to CKD patients in the Gene Expression Omnibus (GEO)
database according to the inclusion and exclusion criteria, conducting pathway enrichment analysis and constructing
protein-protein interaction (PPI) networks and miRNA-mRNA network by Cytoscape 3.8.0. In vitro experiments were
employed to verify the role and mechanism of miR-223-3p in human renal tubular epithelial cells (HK2) through
Quantitative real-time PCR assays, Western blot, Immunofluorescence analysis and Double luciferase reporter gene
experiment. Multi-group one-way analysis of variance (ANOVA) and the Dunnett-t test were uesd to analyze the
results by SPS524.0.

Results 10 up-regulated and 11 down-regulated miRNAs of CKD patients were screened out. Phosphatidylinositol
3-kinase/protein kinase B (PI3K/Akt) was the first pathway of pathway enrichment analysis. MiR-223-3p (logFC=-
2.047, p=0.002) was one of the four hub miRNAs. Furthermore, we observed a reduction in a-smooth muscle actin
(a-SMA) (p=0.001) and Collagen type I alpha 1 (Col1-a1) (p=0.023) levels upon miR-223-3p overexpression, which
aligned with our bioinformatics predictions. This downregulation was attributed to the inhibition of nuclear factor
kappa-B (NF-kB) nuclear translocation and subsequent decrease in the secretion of inflammatory cytokines, such as
interleukin-6 (IL-6) (p=0.005). Conversely, when CHUK was further overexpressed, the inhibitory effect of miR-223-3p
on epithelial-mesenchymal transition (EMT) was attenuated, confirming the specific interaction between miR-223-3p
and CHUK.
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Conclusion Our findings provide compelling evidence that miR-223-3p acts as a suppressor of EMT in CKD by
specifically targeting the CHUK and modulating the PI3K/Akt pathway, which holds great promise as a novel
therapeutic target for CKD treatment. Additionally, this study offers a potential avenue for the development of future
interventions aimed at halting or reversing the progression of CKD.
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Introduction

Chronic Kidney Disease (CKD), one of the major health
concerns worldwide [1], is caused by various factors,
including diabetes, hypertension, obstructive nephropa-
thy, infectious nephropathy, autoimmune nephropathy
and some nephrotoxic drugs [2]. The prevalence rate of
CKD is as high as 10-14% and causes heavy medical eco-
nomic burden for both individuals and the society [3].

Renal fibrosis (RF) is the common pathological
alterations and pathways leading to the progression
of CKD towards end-stage renal disease (ESRD) [4].
The pathogenic mechanisms underlying RF mainly
include haemodynamic alterations change, inflam-
mation, epithelial-mesenchymal transition (EMT),
endothelial-mesenchymal transition, oxidative stress,
macrophage-to-myofibroblast transition (MMT) and
energy metabolism changes [5-9], suggesting that RF is
an extremely complex process [5]. However, the mecha-
nism of RF in CKD has not been fully elucidated, and no
effective preventive or therapeutic measures have been
established [10]. Previous studies have shown that spe-
cific microRNA (miRNA) expression profiles of patients
with CKD are significantly changed [11], which not only
aids in identifying potential biomarkers of CKD biology
and uncovering the pathogenesis of CKD, but also pro-
vides new possibilities for early diagnosis, prevention and
treatment of CKD.

MiRNA, with about 22 nucleotides, is the most abun-
dant and representative small non-coding RNAs and
plays an important role in gene regulation and many bio-
logical processes [12]. Certain miRNAs in plasma and/
or urine of CKD patients have been potential diagnostic
biomarkers [13]. For instance, urinary miR-185-5p acts
as a biomarker for RF in IgA nephropathy [14], plasma
miR-186-5p functions as a biomarker for focal segmen-
tal glomerulosclerosis (FSGS) associated with nephrotic
proteinuria [15], and plasma level of miR-130b serves as
a biomarker for RF in diabetic nephropathy [16]. Addi-
tionally, the role of specific miRNAs in the pathogenesis
of CKD has also been demonstrated, such as miR-34a
promotes RF in CKD mice and EMT in human renal
tubular epithelial cells (HK2) by targeting Klotho mRNA
[17]. MiR-214-3p accelerates CKD-associated RF by
destroying the oxidative phosphorylation of renal tubule
mitochondria [18]. MiR-429-3p can inhibit branchchain
amino acid catabolism, thereby promoting iron death in

CKD [19]. MiR-30-3p targets binding protein phospha-
tase 3 catalytic subunit alpha (ppp3ca) and nuclear factor
5 of activated T-cells (NFAT5) c¢3 to inhibit the activa-
tion of calcineurin signaling pathway, thereby inhibiting
the occurrence of cardiac hypertrophy, which is a cardio-
vascular complication of CKD [20]. All of which indicate
that microRNAs are useful in the onset and progression
of CKD. In this regard, revealing all dysregulated miR-
NAs in the kidneys of CKD patients and deeply exploring
the relationship between specific miRNAs and the com-
plex mechanism of CKD-associated RF are urgent mat-
ters for us to solve.

Gene expression profiling and bioinformatics analysis
have become increasingly important tools for yielding
mechanistic insights of various diseases [21]. In addi-
tion to being used to screen differentially expressed
genes (DEGs) and identifying the interactions of DEGs
via the in-depth study of Gene Ontology (GO) function
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis, bioinformatics analysis can
also be used to select hub genes and explore the relation-
ship between gene expression and disease phenotypes
[22]. However, to understand the complex interactions
between miRNAs and the genome comprehensively, bio-
informatics analysis must be supplemented by validation
experiments [23].

To elucidate the underlying mechanism of CKD-asso-
ciated RF, this study employs a combination of bioinfor-
matics analysis and validation experiments to identify
and analyze the key microRNAs, mRNAs and pathways
of patients with CKD. Moreover, in vitro experiments
are conducted to validate previously uninvestigated tar-
gets and pathways. The fundings of this study will pro-
vide an experimental foundation and scientific evidence
for utilizing miR-223-3p as a new potential target for the
diagnosis and treatment of CKD, the experimental flow
of this study is shown in Fig. 1.

Methods

Bioinformatics analysis

Obtaining microRNA microarray data of CKD

The Gene Expression Omnibus (GEO) database (http
s://www.ncbi.nlm.nih.gov/geo/) was utilized to obtain
microRNA microarray data associated with CKD using
the keyword “chronic kidney disease’;, “Homo sapiens’,
“microRNA” and “renal tissue” [24]. GSE80247 was
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Fig. 1 The experimental flow

chosen for further analysis. GSE80247 is based on the
GPL17537 platform (nCounter Human miRNA Expres-
sion Assay, V2), subjects in GSE80247 were patients
developing CKD after radical nephrectomy (RN) for
renal cancer (RCC) and patients who did not develop
CKD. The inclusion criteria of the subjects were: (a)
age>18 and <80 years; (b) clear-cell carcinoma (RCC)
histology diagnosis; (c) resectable RCC and absence of
metastatic within the initial 12 months from diagnosis;
(d) no history of other malignancies; (e) normal renal
function prior to radical nephrectomy (RN); (f) absence
of primitive, secondary, hereditary or acquired glomeru-
lopathies; (g) absence of kidney stone disease, myelopro-
liferative disorders and autoimmune diseases; (h) absence
of chronic nephrotoxic drug therapy [25]. The exclusion
criterion of this study was that datasets with incomplete
data, and seven CKD patients and seven patients without
CKD were included for further study.

Screening of differentially expressed miRNAs
R (version 4.1.2) was utilized to analyze the GSE80247
raw expression data, such as standardization, correction

and gene name annotation. The R package “factoex-
tra” was used for principal component analysis (PCA)
[26]. The R package “limma’;, obtained from Bioconduc-
tor (https://www.bioconductor.org) [27], was used to an
alyze differentially expressed microRNAs between CKD
patients and patients without CKD. The up-regulated and
down-regulated gene expression threshold were |log2
fold change| (log2FC)>0.5 and p <0.05.

Construction of the protein-protein interaction (PPI) network
and screening of the core genes

Target genes of differentially expressed miRNAs were
predicted based on the TargetScan (https://www.targ
etscan.org) [28], miRDB (https://mirdb.org) [29], and
miRtarbase (https://mirtarbase.cuhk.edu.cn) [30] dat
abases. Target genes, which were predicted by two of
above three databases simultaneously, were then input
into STRING (https://cn.string-db.org/) to generate PPI
network with the limitation of organisms to homo sapi-
ens [31]. Subsequently, the resulting PPI network was
visualized using the Cytoscape software (version 3.8.0)
[32]. The Cytoscape software can calculate multiple
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attribute values, such as degree (DC), closeness central-
ity (CC) and betweenness centrality (BC), which reflect
the significance of genes. Molecular Complex Detec-
tion (MCODE) plug-in in Cytoscape was used to analyze
the cluster properties, and the analysis parameters were
set as follows: degree cutoff=2, node score cutoff=0.2,
K-core =2, and max depth =100 [33]. CytoHubba app was
used to identify the top 30 nodes by several topological
algorithms, such as Degree, Maximal Clique Centrality
(MCC), Edge Percolated Component (EPC) and Cluster-
ing Coefficient [34].

Integration of the miRNA-mRNA regulatory network and
screening of the hub miRNAs

Based on the target genes regulated by each miRNA and
hub genes selected by PPI network, Venn analysis was
used to choose hub genes regulated by each differentially
expressed miRNA. Then the miRNA-mRNA regulatory
network was visualized by the Cytoscape software (ver-
sion 3.8.0). MiRNAs who regulated the largest number of
hub genes were considered as hub miRNAs.

GO analysis and KEGG pathway enrichment

Target genes of downregulated miRNAs were subjected
to GO analysis and KEGG pathway enrichment using
Database for Annotation, Visualization, and Integrated
Discovery (DAVID) (https://david.abcc.ncifcrf.gov/) with
the restriction of “OFFICIAL_GENE_SYMBOL” and
“homo sapiens” DAVID is a gene functional annotation
tool that is helpful for understanding functional relation-
ships between genes [35]. The criterion for determining
the importance of the pathways was that under the con-
dition of p<0.05, the greater the enrichment, the more
important the pathway. The bioinformatics platform (ht
tp://www.bioinformatics.com.cn/) were used to generate
statistical graphs for results of cellular component (CC),
molecular function (MF), biological process (BP), and
KEGG pathway.

In vitro experiment

Cell culture

Human renal tubular epithelial cells (HK2), purchased
from Cell Bank of Chinese Academy of Sciences, were
cultured in HK-2 cell specific culture medium (Pricella
Life Technology Co., LTD) at 37°C in a 5% CO, humidi-
fied atmosphere. HK-2 cell specific culture medium is
consist of MEM medium, 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin. The EMT of HK2 cell
was induced by transforming growth factor-pl1 (TGE-
1) (Sino Biological, Beijing, China). Lipofectamine 2000
(Invitrogen, USA) was used to transfect miR-223-3p
mimics, NC mimics and CHUK plasmid, whose pro-
tein name is inhibitor of kappa B kinase (IKKa). The
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miR-223-3p mimics, NC mimics and CHUK plasmid
were synthesized by Shanghai Shenggong Company,
China.

6-10 generations of HK2 cells were seeded into
6-well plates (about 1x10° cells each well). After cells
attached to the wall, they were divided into 4 groups:
the control group, the model group (20ng/ml TGF-31),
the miR-223-3p overexpression group (20ng/ml TGE-
B1+15pmol/l miR-223-3p mimics) and the miR-223-3p
overexpression+ CHUK overexpression group (20ng/
ml TGF-B1+15pmol/l miR-223-3p mimics+1.25 pg/
ml CHUK plasmid). 24 h later, cells were collected for
indicator detection. The concentration of TGF-p1, miR-
223-3p mimics and CHUK plasmid were determined by
Cell Counting Kit-8 (CCK8) or Quantitative real-time
PCR (qRT-PCR) assay.

CCK8

The cell suspension was seeded into the 96-well plate
(about 1x10* cells each well) and cultured in the incu-
bator for 24 h. After the cells were attached to the wall,
medium containing different concentrations of TGEF-
Bl (Ong/ml, 5ng/ml, 10ng/ml, 20ng/ml, 30ng/ml, 40ng/
ml) was added to interfere with the cells. 24 h later, 10 pl
CCK8 solution (KGA317, Nanjing, China) was added to
each hole and incubated at 37°C for 1 h, then the absor-
bance was detected at 450 nm using an enzyme-labeled
instrument (Thermo Fisher, USA).

qRT-PCR
The mRNA levels of miR-223-3p, inhibitor of kappa B
kinase (IKKa), alpha-smooth muscle actin (a-SMA),
collagen type I alpha 1 (Coll-al), tumor necrosis factor
(TNF-a), interleukin-6 (IL-6) and monocyte chemotac-
tic protein-1(MCP-1) were detected by qRT-PCR. Total
RNA was extracted from HK2 cells by RNA extraction kit
(TIANGEN Biochemical Technology Co., LTD., Beijing,
China, DP220706), and cDNA was generated by reverse
transcription kit (Takara, Kusatsu, Japan, RRO036A/
RRO37A). qRT-PCR was performed with TB Green®
Premix Ex Taq™ II (Tli RNaseH Plus) (Takara, Kusatsu,
Japan, RR820A) on the real-time PCR system (Bio-Rad,
USA). The sequence of qRT-PCR primers are shown
in Table 1. The primers were synthesized by Shanghai
Shenggong Company, China. The target mRNA level was
normalized to GAPDH mRNA and the expression level
of microRNA was normalized to U6.

Western blot (WB)

Total protein was extracted from HK2 cells with the total
protein extraction kit (KGP250, Nanjing, China), and the
concentration of protein was determined by the BCA
protein assay kit (KGPBCA, Nanjing, China). The protein
samples (20 pg per lane) were separated by the sodium
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Table 1 Primers of gRT-PCR for human

Gene Forward Primers (5’-3’) Reverse Primers (5’-3')

CHUK CAGGGACAAAGGGCAGCAATG CCAATGACACCAACCTCAGCATAG
a-SMA CTTGGCTTGTCAGGGCTTGTCC TGCGGGAGGCGTTGGAGAC
Col1-al TGACGAGACCAAGAACTGCC GGGAGCAAAGTTTCCTCCGA
MCP-1 AGTCTCTGCCGCCCTTCTGTG GGGTTTGCTTGTCCAGGTGGTC
TNF-a AGCCGCATCGCCGTCTCC TCGTCCTCCTCACAGGGCAATG
I-6 CCAGAGCTGTGCAGATGAGT GTGCCCATGCTACATTTGCC
miR-223-3p GCGCGTGTCAGTTTGTCAAAT ATCCAGTGCAGGGTCCGAGG
RT-Primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGGGGT

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to the polyvinylidene fluoride
(PVDF) membrane, then the membrane was sealed with
a rapid sealing solution (CEV in Innovative Biotechnol-
ogy Co., LTD., Beijing, China, SW162-01) for 30 min, and
incubated with the primary antibody at 4°C overnight.
IKKa, inhibitor kappa B alpha (IKB-«), p-IKB-«, phos-
phorylated nuclear factor kappa-B p65 (p-NF-kB p65),
Nucleotide-binding oligomerization domain, leucine-rich
repeat and pyrin domain- containing 3 (NLRP3) (1:1000,
Abcam, Cambridge, UK), a-SMA (1:10000, Abcam, Cam-
bridge, UK), NF-kBp65, Caspase-1 (1:1000, Wuhan Sany-
ing Biotechnology Co., LTD., Wuhan, China), p-Actin
(1:4000, Abcam, Cambridge, UK) and GAPDH (1:10000,
Abcam, Cambridge, UK). After the membrane being
washed in PBST for 3x5 min, secondary antibody was
added (1:4000, Zhongshan Jingiao Biotechnology Co.,
LTD., Beijing, China) and incubated at the room tem-
perature for 1 h. The protein chemiluminescence was
obtained by a chemiluminescence detector and signal
capture by the bioanalytical imaging system.

Immunofluorescence analysis

HK2 cells were seeded in a confocal dish for 24 h. After
the cells being washed in PBS for 3 x5 min, 4% parafor-
maldehyde was used to fix cells for 20 min, 0.1% Triton
X to permeate for 15 min and 3%BSA to seal antigen
for 1 h at room temperature. Then the HK2 cells were
incubated with the primary antibody at 4°C overnight,
a-SMA(1:500, Abcam, Cambridge, UK) and NF-«kB
p65 (1:100, Wuhan Sanying Biotechnology Co., LTD.,
Wauhan, China). After the cells being washed in PBST for
3 x5 min, secondary antibody was added (1:500, Aibixin
Biotechnology Co., LTD., Shanghai, China) at room tem-
perature for 30 min. Finally, the cells were covered with
the DAPI solution (Soleibao Technology Co., LTD., Bei-
jing, China) for 15 min. A laser confocal scanning micro-
scope was used to observe as soon as possible.

Double luciferase reporter gene system experiment

Wild type and mutant double luciferase reporter gene
vectors were constructed by Shanghai Shenggong
Company in China according to the binding sites of

miR-223-3p and CHUK, which were predicted in Tar-
getScan. Then we divided HK2 cells into 4 groups: the
wide type vector + miR-223-3p mimics group, and the
wide type vector + NC mimics group, the mutant type
vector + miR-223-3p mimics group and the mutant type
vector + NC mimics group. In the end, we prepared reac-
tion solution using double luciferase reporter gene kit
(MedChemexpress, USA), and detected luciferase activ-
ity by an enzyme-labeled instrument (Thermo Fisher,
USA).

Statistical analysis

R (version 4.1.2) was utilized to analyze the GSE80247
raw expression data. |log2 fold change| (log2FC)>0.5
and p<0.05 were used to screen differentially expressed
microRNAs. SPSS24.0 software (Chicago, IL, USA) was
used to analyze the results of in vitro experiments. The
Bartlett test was used to test the homogeneity of vari-
ance of the measurement data in vitro experiment. Multi-
group one-way analysis of variance (ANOVA) was used
to analyze the results with homogeneity of variance, and
the Dunnett-t was used for the comparison between the
control group and model group, the model and miR-
223-3p overexpression group, and the model and miR-
223-3p overexpression group+CHUK overexpression
group. Kruskal-Wallis H test was uesd to analyze the
results without homogeneity of variance. All data were
presented as mean + standard deviation (SD), p <0.05 was
considered statistically significant. Image ] was used for
quantitative analysis of protein band. GraphPad prism 9.3
software and the bioinformatics platform were used for

mapping.

Results

Differentially expressed microRNAs and the heatmap

The result of principal component analysis was shown in
Fig. 2A. Based on the analysis of GSE80247 by R, 21 dif-
ferentially expressed miRNAs were discovered in CKD
patients, among which there were 10 up-regulated miR-
NAs: miR-30a-5p, miR-30e-5p, miR-29a-3p, miR-16-5p,
miR-429, miR-532-5p, miR-497-5p, miR-125a-3p, miR-
501-3p and miR-548a, and 11 down-regulated miRNAs:
miR-132-3p, miR-135b-5p, miR-28-5p, miR-361-3p,
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miR-342-3p, miR-223-3p, miR-150-5p, miR-23a-3p, miR-
199-3p (miR-199a-3p, miR-199b-3p) and miR-191-5p
(Fig. 2B and D).

GO function and KEGG pathway enrichment analysis

To further investigate the main function and mechanism
of down-regulated miRNAs in CKD, 332 common target
genes of all down-regulated miRNAs except miR-135b-5p
were imported into DAVID to conduct GO analysis and
KEGG pathway enrichment, of which 7 target genes were
not identified by DAVID (supplementary material 1).
143 items of BP, 28 items of CC, 48 items of MF and 79
KEGG pathways were identified using screening crite-
rion of pvalue <0.05 (supplementary material 2—5). MiR-
135b-5p was not found in the TargetScan database.

In terms of KEGG pathway enrichment analysis, except
pathways related to human diseases and cellular pro-
cesses system, phosphatidylinositol 3-kinase/protein
kinase B (PI3K/Akt) signaling pathway (Enrichment:
8.31%), mitogen-activated protein kinase (M APK) signal-
ing pathway (Enrichment: 7.38%), and renin angioten-
sin system (Ras) signaling pathway (Enrichment: 4.92%)
ranked the top 3 (Fig. 3A and C). Additionally, Wnt sig-
naling pathway (Enrichment: 3.38%), NF-kappa B signal-
ing pathway (Enrichment: 1.87%) and TGF-f signaling

pathway (Enrichment: 1.85%) also played important
roles. The disease-pathway (the top 20)-target network
was construct by Cytoscape software (Fig. 3D).

The top 3 terms related to BP were positive regula-
tion of transcription by RNA polymerase II (Enrich-
ment: 18.46%), negative regulation of transcription by
RNA polymerase II (Enrichment: 15.69%) and regula-
tion of transcription by RNA polymerase II (Enrich-
ment: 18.46%). The top 3 MF terms were protein binding
(Enrichment: 82.77%), DNA-binding transcription fac-
tor activity (Enrichment: 9.85%) and RNA polymerase
II cis-regulatory region sequence-specific DNA binding
(Enrichment: 15.38%). The top 3 CC terms were nucleo-
plasm (Enrichment: 37.85%), nucleus (Enrichment:
48.31%) and chromatin (Enrichment: 15.69%) (Fig. 3B).

PPl network analysis

To futher explore the interactions of target genes and
identify the core genes in CKD, we imported 332 com-
mon genes into STRING and generated a PPI network
containing 272 nodes and 1187 edges (Fig. 4A). Then, we
set Degree>10 as the screening condition and acquired
a relatively central PPI network comprising 77 nodes
and 641 edges (Fig. 4B). Last, we acquired a central PPI
network comprising 34 nodes and 318 edges with the
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screening condition of Degree>20 (Fig. 4C and supple-
mentary material 6). Cluster analysis was performed
using the MCODE application, and all target genes were
divided into 6 clusters (Fig. 4D). In addition, the Degree,
MCC, EPC and Clustering Coefficient algorithm in
CytoHubba app were used to discovered the top 30 core
genes (Fig. 4E and H). These results revealed that PTEN,
SIRT1, TP53, GSK3B, MTOR, CREB1, HB-3B, CHUK, et
al. were the core genes in regulating the progression of
CKD.

miRNA-mRNA network analysis

The regulatory relationship between down-regulated
miRNAs and core genes were imported into Cytoscape
software and obtained the miRNA-mRNA network
(Fig. 5A). MiR-223-3p regulated the largest number of
core genes: IGF-1R, SP1, FOXO1, SCARBI1, CHUK,
FBXW7, TP53, FOXO3, CDK6 and PTEN (Fig. 5B). MiR-
199a-3p regulated 8 core genes: TP53, MET, FGF2, SP1,
CD44, MAPK1, MAPKS8 and MTOR. MiR-132-3p and
miR-150-5p regulated 7 core genes respectively. So, we
chose miR-223-3p, miR-199a-3p miR-132-3p and miR-
150-5p as hub miRNAs (Fig. 5B). As shown in Fig. 5C,
miR-223-3p may regulate PI3K/Akt pathway through tar-
geting CHUK, PTEN, FOXO3, TP53, IGF1R.

Mir-223-3p inhibited EMT of HK2 cells

As shown in Fig. 6A and C, with the increase of TGF-$1
concentration, cell viability and the level of miR-223-3p
decreased gradually, while the expression of IKKa mRNA
increased little by little. Compared with the control
group, 20ng/ml TGEF-B1 lowered cell viability and the
expression level of miR-223-3p with significant statistical
differences (P<0.05). So, we induced EMT of HK2 cells by
20ng/ml TGF-B1.

24 h after HK2 cells were transfected with 15 pmol/
ml miR-223-3p mimics, the level of miR-223-3p in HK2
cells elevated by 1259.76 times (Fig. 6D). IKKa mRNA
level in HK2 cells increased by 152.89 times after being
transfected with 1.25 ug/ml CHUK plasmid (Fig. 6E). The
basis for selection of transfection concentrations were
shown in Supplymentory material 7. After 20ng/ml TGE-
B1 stimulation for 24 h, expression levels of a-SMA pro-
tein and mRNA in HK2 cells were significantly increased
(P<0.01). Overexpressing miR-223-3p, the level of a-SMA
protein reduced by 11.04% and a-SMA mRNA droped to
17.76% compared with the model group. However, when
overexpressing miR-223-3p and CHUK at the same time,
the inhibitory effect of miR-223-3p on a-SMA expression
was weakened (Fig. 6F, H and J). In addition, overexpres-
sion of miR-223-3p inhibited Coll-al mRNA level signif-
icantly (P<0.05) (Fig. 6I).

Page 9 of 18

Mir-223-3p alleviated the inflammatory response of HK2
cells

As shown in Fig. 7A and C, after the stimulation of TGE-
B1, the mRNA expression levels of inflammatory factors
MCP-1, TNF-a and IL-6 in HK2 cells increased 8.24,
11.17 and 6.64 times, respectively. However, overexpres-
sion of miR-223-3p lowered levels of MCP-1, TNF-a and
IL-6 mRNA by 74.36%, 83.78% and 59.39%. When over-
expressing miR-223-3p and IKKa at the same time, the
mRNA levels of MCP-1, TNF-a and IL-6 decreased, but
the differences were not statistically significant (P>0.05).

Mir-223-3p targeted IKKa mRNA and inhibited the NF-kB
signaling pathway

Transfection of miR-223-3p mimics improved the
expression level of miR-223-3p significantly (P<0.01),
furtherly overexpressing CHUK, miR-223-3p level was
decreased (Fig. 8A). In addition, overexpression of miR-
223-3p reduced the expression level of IKKa protein by
34.02% (Fig. 8B and C), which suggested that miR-223-3p
may target IKKa mRNA. TGF-B1 stimulation enhanced
the expression levels of NF-kB p65, p-NF-kBp65,
p-IKB-a, IKB-a, NLRP3 and Caspase-1 proteins in HK2
cells, while overexpression of miR-223-3p reduced levels
of NF-«xB p65, p-NF-«kB p65, p-IKBa, IKBa, NLRP3 and
Caspase-1 by 33.37%, 18.40%, 24.05%, 58.01%, 40.80%
and 29.73%, respectively. On the contrary, overexpression
of miR-223-3p and CHUK simultaneously reversed the
downward trend of NF-kB p65, p-NF-kB p65, p-IKBa,
IKBa, NLRP3 and Caspase-1 (Fig. 8D and L). Immuno-
fluorescence results showed that the expression level
and nuclear transfer of NF-kB p65 were declined after
overexpression of miR-223-3p (Fig. 8M). In addition, the
binding site of miR-223-3p and CHUK was predicted by
Targetscan (Fig. 8N), and the results of double luciferase
reporter gene experiment showed that the relative activ-
ity of luciferase decreased significantly (P<0.01) after
co-transfection of miR-223-3p mimics and wild-type
CHUK vector, while co-transfected miR-223-3p mimics
and mutant CHUK vectors showed no significant effect
on the relative activity of luciferase (P>0.05) (Fig. 80),
indicating that miR-223-3p could target IKKa mRNA to
inhibit downstream NF-«B signaling pathway and sup-
press the EMT of HK2 cells.

Discussion

CKD is the most prevalent chronic disease in nephrology
department all over the world. Patients with CKD often
face high risks of many adverse outcomes, including car-
diovascular events, requirements for dialysis or kidney
transplantation and even death [36]. However, such a
widespread and serious disease has no effective treatment
in clinical practice [10]. Therefore, it is essential to iden-
tify potential biomarkers involved in biological pathways
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and elucidate the mechanisms of CKD-associated RF at a
deeper level.

In this study, we obtained differentially expressed
miRNAs from CKD related microarray datasets of GEO
database and found 10 up-regulated miRNAs and 11
down-regulated miRNAs using bioinformatics methods.
Next, the TargetScan, miRDB and miRtarbase database
were utilized to predict target genes of 11 down-regu-
lated miRNAs, while DAVID was employed to conduct
pathway enrichment analysis. It was discovered that the
target genes of 10 of the down-regulated miRNAs were
significantly enriched in the PI3K-Akt, MAPK, and Ras
signaling pathways. MCODE clustering analysis and
topological algorithms in CytoHubba are crucial methods
for identifying core genes [37-39]. Therefore, MCODE
and cytoHubba plug-in in Cytoscape software was uti-
lized to select core genes, and PTEN, SIRT1, TP53,
GSK3B, MTOR, CREBI1, HB-3B, CHUK, et al. were con-
sidered as core genes in CKD. Then through miRNA-
mRNA network, miR-223-3p, miR-132-3p, miR-150-5p
and miR-199-3p were identified as the hub miRNAs.
Finally, in vitro experiment was conducted to verify the
role and function of miR-223-3p in CKD-associated RF.

MiR-223-3p, used to be called miR-223, is a highly con-
servative miRNA, and plays an important regulatory role
in a variety of diseases, such as viral myocarditis [40],
sepsis [41] and nonalcoholic fatty liver disease (NAFLD)
[42]. In CKD, miR-223-3p has been verified to reduce
ferroptosis in podocytes by targeting histone deacety-
lase 2 (HDAC2) and downregulating the phosphoryla-
tion of signal transducer and activator of transcription
3 (STATS3) [43]. Meanwhile, miR-223-3p overexpression
has been shown to lighten calcium oxalate nephrocal-
cinosis-stimulated renal inflammation and oxidative
injury [44]. Also, miR-223-3p upregulation suppresses
renal tubular epithelial cell pyroptosis to alleviate lipo-
polysaccharide (LPS)-induced acute kidney injury [45].
In addition, previous studies have shown that the serum
miR-223-3p level of mice with CKD is decreased [46],

and the serum miR-223-3p level of patients with stage III
and later CKD is also decreased significantly [47], which
is consistent with the results of this study. Moreover, the
serum miR-223-3p level is positively correlated with the
survival rate and vascular complications of patients with
CKD [47]. However, whether the abnormal expression of
miR-223-3p is related to the pathogenesis of renal fibro-
sis in CKD is still under constant exploration. In addition,
the results of miRNA-mRNA network showed that miR-
223-3p was one of the four hub miRNAs and targeted
three-tenths core genes of CKD, among which CHUK,
IGF1R, FOXO3, PTEN and TP53 were related to the
PI3K/Akt pathway. So, we choose miR-223-3p/CHUK as
target for further study.

KEGG pathway enrichment analysis showed that target
genes of 10 down-regulated miRNAs were enriched in
PI3K-Akt, MAPK and Ras signaling pathways. Ras signal-
ing pathways is a hormonal system that regulates blood
pressure and fluid balance [48]. Renal Ras activation is
associated with the development and progression of CKD
through both blood pressure dependent and indepen-
dent mechanisms [49, 50]. Ras is composed of a variety
of components, including Angiotensinogen (AGT), renin,
angiotensin-converting enzyme (ACE), angiotensin II
(Ang II), type 1 and type 2 receptors (AT1 and AT2). Ang
II is the main effector peptide of Ras, acting when bind-
ing to AT1 and AT?2 receptors [51]. At present, one of
the main clinical treatments for CKD is the use of anti-
Ras drugs, such as ACE inhibitors (ACEI), AT1 receptor
blockers (ARB), which have been proven to be beneficial
to patients with CKD [51]. However, a considerable num-
ber of patients still develop to ESRD. Therefore, finding
other targets may bring new hope for the treatment of
CKD.

Several studies have reported that the PI3K-Akt signal-
ing pathway is closely related to the pathological process
of CKD. On one hand, activated PI3K/Akt can promote
the transfer of NF-xB from cytoplasm to nucleus and
secrete inflammatory factors, leading to the persistent
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Fig. 8 miR-223-3p targeted IKKa mRNA and inhibited the NF-kB signaling pathway. (A) The level of miR-223-3p in HK2 cells. Western blot images and
quantitative band density analyses of IKKa (B-C), NF-kBp65 and p-NF-kBp65 (D-F), P-IKBa and IKBa (G-1), NLRP3 and Caspase-1 (J-L) in different groups. (M)
Immunofluorescence staining of NF-kB p65 in HK2 cells (at 400xmagnification). (N) The binding site of miR-223-3p and CHUK predicted by TargetScan.
(0) Relative luciferase activity. **P < 0.05 vs. Group (TGF-B1+, miR-223-3p-, CHUK plasmid-). **** P<0.01 vs. Group (TGF-B1+, miR-223-3p-, CHUK plasmid-)
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chronic inflammatory state in kidney, which is one of the
main factors for the occurrence and development of CKD
[52, 53]. On the other hand, previous studies have con-
firmed that tubular EMT is the key pathogenesis of CKD
[54]. Activated PI3K/Akt signaling pathway can acceler-
ate the progression of EMT by increasing the expression
of a-SMA and reducing the level of E-cadherin, leading
to the sclerosis of renal tubules and the decline of renal
function [55, 56]. Moreover, the PI3K/Akt signaling path-
way is also closely related to renal oxidative stress [57],
cellular aging [58], autophagy [58] and lipid metabolism
[59].

The MAPK family includes extracellular signal-regu-
lated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38 MAPK. Previous studies have confirmed that the
ERK pathway is involved in renal fibrosis, ERK is a pro-
fibrotic factor, and necessary for ECM deposition, myo-
fibroblast accumulation and EMT progression [60]. The
relationship between Ras, MAPK and PI3K/Akt signal-
ing pathway in CKD is shown in Fig. 9. These 3 signaling
pathways intersect with each other, and the enrichment
of PI3K/Akt pathway in CKD was the largest. Therefore,
the PI3K/Akt signaling pathway was selected as the focus
of in vitro experiment validation.

TGEF-B1 is a key factor in regulating renal fibrosis.
Inhibiting the expression of TGF-f1 alleviates renal fibro-
sis and EMT significantly in UUO rats and renal tubular
epithelial cells [61]. In vitro experiment of this study, the
cell viability of HK2 cells was significantly decreased by
20ng/ml TGEF-Blstimulation, meanwhile, the expres-
sion level of miR-223-3p decreased and the IKKa mRNA
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level increased obviously. Therefore, we used 20ng/ml
TGEF-B1 to induce EMT of HK2 cells, which was con-
sistant with a study from Nanjing University of Chinese
Medicine, Nanjing, China [62]. The level of a-SMA and
Coll-al mRNA of HK2 cells were increased 24 h after
stimulated by TGF-B1, indicating that the EMT model
of HK2 cells was successfully created [63]. However,
overexpression of miR-223-3p reduced levels of a-SMA
and Coll-al in HK2 cells, which suggested miR-223-3p
could restrain EMT. Conversely, overexpressed CHUK
furtherly, a-SMA and Coll-al levels up-regulated, which
implied that miR-223-3p might inhibit EMT by regulat-
ing CHUK. Therefore, we predicted the binding site of
miR-223-3p and CHUK in TargetScan database, and veri-
fied whether miR-223-3p and CHUK were bound directly
through double luciferase reporter gene experiment, and
the results showed that miR-223-3p could target CHUK
directly.

In order to investigate the mechanism of miR-223-3p
on the EMT of HK2 cells, we detected the expression
levels of IKKa protein, and IKBa, p-IKBa, NF-kB p65,
p-NE-«B p65, NLRP3, Caspase-1, which are in the down-
stream of IKKa. Data of our research showed that overex-
pression of miR-223-3p lowered the expression levels of
IKKa, IKBa, p-IKBa, NF-«kB p65, p-NF-kB p65, NLRP3,
Caspase-1 protein, and overexpressed IKKa furtherly,
the level of above proteins up-regulated, which suggested
again that miR-223-3p functions through CHUK. IKKa
is a subunit of IKK, which phosphorylates IKBa, makes
IKBa lose its inhibitory effect on NF-kB and activates
NE-«kB pathway [64]. The NF-xB signaling pathway is
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Fig. 9 The relationship between Ras, MAPK and PI3K/Akt signaling pathway in CKD
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Fig. 10 The mechanism by which miR-223-3p alleviated EMT of HK2 cells

an important pathway in renal inflammatory response,
inhibiting the activation of NF-«kB obviously inhibits
renal inflammatory response [65], as a result, levels of
inflammatory factors like IL-6, IL-1, TNF-a [66], and
chemokines like IL-8, MCP-1 [67] are decreased. While
chemokines can recruit monocytes from bone marrow
to the renal interstitium to amplify the inflammatory
response [67], and produce a substantial amount of profi-
brotic factors like TGF-P1 to promote the progression of
renal fibrosis [68]. In addition, the assembling of NLRP3-
ASC-pro-Caspase-1 inflammasome is inhibited and the
secretion of IL-18 and IL-1f are decreased [69]. In this
study, the expression of IL-6, TNF-a, MCP-1 mRNA and
NLRP3, Caspase-1 protein down-regulated, suggesting
that miR-223-3p inhibited the EMT of HK2 cells through
NF-kB signaling pathway. In brief, miR-223-3p inhibits
EMT of HK2 cells by enhancing the anti-inflammatory
ability (Fig. 10).

The process of RF is mainly divided into three stages:
inflammatory response stage, fibrosis formation stage
and scar formation stage [70]. In inflammatory response
and fibrosis formation stage, although the function of the
damaged renal cells has changed, they still retain some
of their original functions. Therefore, appropriate thera-
peutic interventions are able to stop the transformation
of damaged cells into myofibroblasts and reverse them
into normal cells in both stages. Whereas, in scar for-
mation stage, renal fibrosis is irreversible [71]. Inflama-
tory response [5], oxidative stress [9], energy metabolism
changes [72], ferroptosis and lipid peroxidation [73] all
play crucial roles in renal fibrosis of CKD, they interact
with each other to disrupt kidney homeostasis. MiR-
223-3p can enhance the anti-inflammatory ability of HK2
cells, which is the first stage of RF. For the purposes of
delaying renal fibrosis and treating CKD, miR-223-3p

plays a certain role. The effect of miR-223-3p on inflam-
mation of CKD is similar with miR-451 and miR-146a,
both of which can regulate NF-kB pathway and inhibit
renal inflammation [74, 75].

However, except CHUK, miR-223-3p can also target
HDAC?2 [43], NLRP3 [44], and TNF receptor associated
factor 6 (TRAF6) [40]. The ability of miRNAs to bind
multiple targets can potentially lead to off-target effects,
affecting genes other than the one intended [76]. In addi-
tion, the expression and function of miRNAs can be
influenced by various factors, such as the cellular micro-
environment, developmental stage, and disease state [77].
Therefore, the challenges to using miR-223-3p to prevent
or treat CKD is ensuring the safe delivery and maintain-
ing its stability. To address these challenges, researchers
have developed several strategies to mitigate off-target
effects and optimize the specificity of miRNAs. The first
strategy is sequence optimization, where the miRNA
sequence is modified to enhance its specificity and
reduce off-target effects [78]. The second is the design of
the delivery system, targeted delivery approaches, such
as the use of tissue-specific promoters or ligand-receptor
interactions, can help to direct the miRNA to the desired
cell type or tissue, reducing the risk of off-target effects
in non-target cells [79]. The third is local delivery of miR-
NAs, which can achieve the desired gene silencing due to
higher bioavailability, such as direct injection of miRNA
vectors to target tissues [80]. The last is the use of com-
binatorial miRNA approach, such as a multifunctional
nanoparticle co-delivering miRNA, siRNA and mRNA
cocktails, which is also helpful to improve the specificity
and efficacy of miRNAs [79]. Nowadays, miRNAs have
been used to generate vaccine strains, such as poliovirus,
influenza virus, and tick-borne encephalitis [80], which
brings hope to use miR-223-3p in the treatment of CKD.
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In this study, we explored the role and mechanism of
miR-223-3p in EMT of human renal tubular epithelial
cells. However, renal tissue is made up of a variety of
cells which interact and work together to maintain renal
homeostasis. So, renal organoids may be a better way to
explore the role and mechanism of miR-223-3p. Simulta-
neously, CKD can be caused by multiple causes, the role
and mechanism of miR-223-3p in different types of CKD
can be explored in the future, such as diabetic kidney dis-
ease. In addition, due to the limited GEO datasets related
to miRNAs of patients with CKD, we only screened
differentially expressed miRNAs of CKD patients in
GSEB0247 without using a validation set to validate the
conclusion, transcriptomic sequencing of a larger sample
size of CKD patients may address this issue.

Conclusion

In summary, we identified that miR-223-3p, miR-132-3p,
miR-150-5p and miR-199-3p were four hub miRNAs
in the occurrence and development of CKD, and target
genes of 10 down-regulated miRNAs in the kidney of
patients with CKD were enriched in PI3K-Akt, MAPK
and Ras signaling pathways through bioinformatics
method. In vitro experiment confirmed that miR-223-3p
could inhibit EMT of HK2 cells by targeting CHUK and
regulating downstream NF-«B protein, providing a new
target for the treatment of CKD. Additionally, this study
offers a potential avenue for the development of future
interventions aimed at halting or reversing the progres-
sion of this debilitating disease.
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