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GATAL1 regulates the microRNA-328-3p/PIM1 axis
via circular RNA ITGB1 to promote renal
ischemia/reperfusion injury in HK-2 cells
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Abstract. Acute kidney injury (AKI) is caused by renal
ischemia/reperfusion injury (IRI) during kidney transplan-
tation. The levels of both circular RNAs (circRNAs) and
microRNAs (miRNAs/miR) appear to be critical for AKI
detection. While several RNA interactions in AKI have been
found, the regulatory mechanisms between the molecules
remain to be fully elucidated. In the present study, miRNA
expression profiling analysis was conducted using an online
dataset to identify the differentially expressed miRNAs in rats
with IRI. miR-328-3p was also found to be downregulated in
human kidney-2 (HK-2) cells subjected to hypoxia/reperfusion
(H/R), and its overexpression targeting pim-1 proto-oncogene
(PIM1) resulted in an increased viability and a reduced apop-
tosis, as well as in the decreased expression of inflammatory
factors upon H/R exposure. Putative targets and circRNAs
of miR-328-3p were identified using publically available
databases. The inhibition of circRNA integrin beta 1 (ITGBI;
circITGBI1) suppressed the inflammatory response induced
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by H/R by sponging miR-328-3p in HK-2 cells. Furthermore,
a sequence of the functional ITGBI promoter was studied
for transcription factor GATA binding protein 1 (GATA1)
binding sites. GATAI binds to the ITGB1 promoter, leading
to the expression of circITGBI1. On the whole, the findings of
the present study revealed a regulatory pathway modulating
miR-328-3p in IRI, demonstrating that the GATA1-mediated
regulation of circITGB1 enhanced the H/R-induced
inflammatory response via the miR-328-3p/PIM1 axis.

Introduction

Kidney transplantation, a common treatment for end-stage
renal disease, is one of the most common renal replacement
therapies (1). Abnormal physiological conditions, such
as the inflammation induced by vascular anastomosis or
recanalization during transplantation, cause renal isch-
emia/reperfusion injury (IRI) or acute kidney injury (AKI) (2).
IRI is an inevitable issue during organ transplantation, and it
affects the therapeutic effects of kidney transplantation in rela-
tion to delayed graft functions and allograft dysfunction (3,4).
Although previous studies have initially focused on prevention
and treatment strategies for AKI, ~2% of hospitalized patients
are diagnosed with AKI with a mortality rate of 12.4% (5).
Hence, it is fundamental to understand the pathogenesis and
explore novel treatment strategies for AKI.

MicroRNAs (miRNAs/miRs) are critical regulators of their
target mRNAs by complementarily binding to mediate or tran-
script repression (6). miRNAs have recently been implicated
in human renal diseases. In cancer cells, PinX1 has been found
to activate cancer-related miR-125-3p, to cooperate with the
VEGF signaling pathway and inhibit angiogenesis in renal cell
carcinoma (7). miRNAs are also crucial diagnostic biomarkers
for renal diseases and the interaction between miRNAs and
downstream target genes results in targeted therapies for renal
fibrosis (8) and AKI (9). For instance, the expression of miR-21
has been shown to be upregulated by kidney IRI in vitro and to
contribute to tubular epithelial cell apoptosis and local inflam-
mation (10). He et al (11) demonstrated that the expression of
miR-328 was significantly decreased in TGF-f1-induced renal
fibrogenesis and the overexpression of miR-328 decreased its
target gene transcription and the cell epithelial-mesenchymal
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transition process. However, neither the effect of miR-328
on inflammatory response, nor the interaction with other
non-coding RNAs to modulate mRNA transcription in AKI
or IRI have been investigated to date, at least to the best of our
knowledge.

CircularRNAs (circRNAs) are endogenous non-coding
RNAs that are involved in the interaction between miRNAs
and mRNAs in the 3'untranslated region (3'UTR) region (12).
With advancements being made in next-generation sequencing
technology and bioinformatics, specific circRNA signatures
have been identified in several human diseases (13). In a
previous study, the absence of hsa_circ_0068888 in a cell
model of lipopolysaccharide-induced AKI suggested that
the overexpression of circ_0068888 may be involved in the
inflammatory response and oxidative stress via sponging
miR-21-5p (14). Kolling er al (15) found that circRNA-126
expression in patients with AKI was a putative predictor of the
survival rate. However, there are only a few circRNAs whose
functions have been fully elucidated to date.

The present study analyzed RNA-sequencing data
and identified a cohort of miRNAs that are aberrantly
expressed in AKI in a rat model. miR-328-3p was further
validated as a downregulated miRNA in a cell model of
AKI; miR-328-3p expression was decreased by circRNA
integrin beta 1 (circITGBI, circbase ID: hsa_circ_0018148).
In addition, experiments performed for the silencing of
circITGB1 and miR-328-3p in human kidney-2 (HK-2)
cells subjected to hypoxia/reperfusion indicated that the
silencing of circITGBI1 upregulated the expression level of
miR-328-3p and decreased Pim-1 proto-oncogene (PIM1)
expression. The downregulation of circITGBI1 exerted an
anti-inflammatory effect in AKI. Moreover, it was observed
that the gene symbol of circITGBI, ITGBI1, was subjected to
regulation by the transcription factor GATA binding protein 1
(GATA1). Hence, therapeutic approaches aimed at targeting
GATAl1/circITGB1/miR-328-3p/PIM1 may prove to be
beneficial for AKI prevention and therapy.

Materials and methods

Cell culture and H/R treatment. The HK-2 cell line
(CRL-2190, ATCC) was grown in complete growth medium,
keratinocyte serum-free medium (K-SFM, 17005-042, Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 0.05 mg/ml
bovine pituitary extract and 5 ng/ml epidermal growth factor.
The HK-2 cells were incubated at 37°C in a suitable incubator
containing a 5% CO, in air atmosphere. To induce H/R, the
HK-2 cells were treated with K-SFM medium and subjected
to 12 h of hypoxia (5% CO,, 1% O, and 94% N,), followed
by cultivation in complete medium for 0/3/6/9/12 h of
reoxygenation (5% CO,, 21% O, and 74% N,).

Reverse transcription-quantitative (RT-gPCR). The expression
of mRNAs, circRNAs and miRNAs was analyzed following
the cell treatment or transfection. Total RNA was isolated
from the HK-2 cells using Trizol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.). Total RNA (1.5 pug) was used for cDNA
synthesis at 42°C with SuperScript™ IV revertase (Invitrogen;
Thermo Fisher Scientific,Inc.). JPCR reactions were performed
with SYBR®-Green Mix (Applied Biosystems; Thermo Fisher

Scientific, Inc.) for mRNA and circRNA expression analysis,
with the TagMan™ MicroRNA Assay kit (Applied Biosystem:s;
Thermo Fisher Scientific, Inc.) for miRNA expression analysis.
The specific primer pairs of ITGB1 (NCBI Reference Sequence
NM_002211), PIM1 (NM_002648), neurofibromin 2 (merlin)
(NF-2; NM_181833), GAPDH (NM_001357943), GATAI
(NM_0020nf-49) and ubiquitin protein ligase E3 component
n-recognin 4 (UBR4; NM_020765.3) were designed using
NCBI Primer-BLAST (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/index.cgi?LINK_LOC=BlastHome). The
stem-loopprimerofmiR-328-3p(miRbaseID: MIMAT0000752)
was designed using the Primer3 (https:/primer3.ut.ee/) online
tool. In addition, Primer3 was utilized to design the divergent
primers of circITGB1 (CircBank ID hsa_circ_0018148),
circARL6IP1 (CircBank ID hsa_circ_0038229) and circH-
NRNPF (CircBank ID hsa_circ_0018263). After obtaining
the divergent primer sets as aforementioned, CircPrimer 2.0
software (downloaded from https:/www.bio-inf.cn/; DOI:
10.1186/s12859-018-2304-1) was utilized to examine the
specificity of the circRNA primers. The lists of primers for
each mRNA, circRNA and miRNA are presented in Table I.
Relative expression was analyzed using the 2244 method (16)
and normalization with internal controls (GAPDH or U6). As
for RNase R treatment, total RNA (2 ug per group) of HK-2
cells were incubated with RNase R (a final concentration
of 10 pg/ml) for 3 min at 37°C (Beijing Solarbio Science &
Technology Co., Ltd.). RT-qPCR was performed to deter-
mine the expression levels of ITGB1 mRNA and circITGBI.
To identify the circular feature of circITGBI, Oligo(dT) 18
primers (Beijing Solarbio Science & Technology Co., Ltd.) and
random primers (Beijing Solarbio Science & Technology Co.,
Ltd.) were employed to perform cDNA synthesis, respectively.
The resulting cDNAs were then detected by qPCR using the
primers targeting circITGB1 or ITGBI, respectively.

Cell transfection. The knockdown of circITGBI1, PIM1 and
GATA1 was achieved by transfecting the HK-2 cells with
small interfering RNAs (siRNAs). siRNAs targeting PIM1
(NM_002648), circITGBI (circbase ID: hsa_circ_0018148)
and GATA1 (NM_002049) were designated as siPIMI,
si-circITGBI1 and si-GATAI, respectively. siPIM1 and
si-GATA1 was designed using BLOCK-iT™ RNAi Online
Designer (http://rnaidesigner.thermofisher.com/rnaiex-
press/design.do). In addition, the Circinteractome online
database (https://circinteractome.irp.nia.nih.gov/index.
html) (17) was utilized to design the siRNA specific to
circITGBI1. All siRNA sequences were synthesized by
Shanghai Sango Biotechnology Co., Ltd. and were as follows:
siPIM1 sense, 5-CGGGUUUCUCCGGCGUCAUUAGGd
TdT-3' and antisense, 5'-CCUAAUGACGCCGGAGAAACC
CGdTdT-3"; si-circITGBI1 sense, 5'-GUGGAGAAUCCAGAU
GAAAAUdTAT-3' and antisense, 5~ AUUUUCAUCUGGAUU
CUCCACATAT-3'; si-GATALI sense, 5'-CCCAGUCUUUCA
GGUGUACCCAUUGATAT-3' and antisense, 5'-CAAUGG
GUACACCUGAAAGACUGGGATAT-3". The miR-328-3p
mimics, inhibitors and negative controls were obtained
from Guangzhou RiboBio Co., Ltd. and the sequences were
as follows: miR-328-3p mimic (miR10000752-1-5) sense,
5'-CUGGCCCUCUCUGCCCUUCCGU-3" and antisense,
5'-GGAAGGGCAGAGAGGGCCAGUU-3"; NC mimic
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Table I. Sequences of primers used in the present study.

Gene Primer sequence (5'—3")

hsa_circ_0038229-F TTTGTTTTGTGTAAAAGGGGAAA

hsa_circ_0038229-R GGTTGGTGCTGCGATTATCT
hsa_circ_0018263-F CACATCTGTTGATAGCTGGAGAA
hsa_circ_0018263-R GAGCTAAGGCTACGGGAACC
circITGB1-F GGATGTTGACGACTGTTGGTT
circITGB1-R CAATTTGGCCCTGCTTGTAT
UBR4-F TGTCAACAATGGCAACCCCT
UBR4-R GCTGATGCTGTGGTGTCAGA
ITGB1-F GACGCCGCGCGGAAAA
ITGBI-R ACATCGTGCAGAAGTAGGCA
PIM1-F CCCGACAGTTTCGTCCTGAT
PIM1-R ACCCGAAGTCGATGAGCTTG
NF-2-F GGGCTAAAGGGCTCAGAGTG
NF-2-R GAGTCCGGCACACCAAATCA
GATAI1-F GGACAGGCCACTACCTATGC
GATA1-R CTTTTCCAGATGCCTTGCGG
GAPDH-F CTGGGCTACACTGAGCACC
GAPDH-R AAGTGGTCGTTGAGGGCAATG

CTCAACTGGTGTCGTGGAGTCG
GCAATTCAGTTGAGACGGAAGG

miR-328-3p-RT

miR-328-3p-F ACACTCCAGCTGGGCTGGCCCT
CTCTGCCC

U6-RT GTCGTATCCAGTGCGTGTCGTG
GAGTCGGCAATTGCACTGGAT
ACGACAAAATATGGAAC

U6-F TGCGGGTGCTCGCTTCGGCAGC

Universal reverse TATCCAGTGCGTGTCGTG

ITGBI1 promoter-F GCACGGACCAATTATGCTTT

ITGB1 promoter-R CTAGGAGGAGGCGGAGGAT

ITGBI1 promoter site]l-F  AGACTGGGCCAATTCTGATG

GCCAATCTGAAGACCTCTAGGA
TCAAGTTTTGATTTTGCTGGT
GGACTGGAATGCCCATTTG
GGGCATTCCAGTCCCTAATC
GGCAAGCTGCTATCCTGGTA
CAATCATCGAATCGACATGC
AGTTGCGTCCTGCTTTTGAT

ITGB1 promoter site1-R
ITGB1 promoter site2-F
ITGB1 promoter site2-R
ITGBI1 promoter site3-F
ITGBI1 promoter site3-R
ITGB1 promoter site4-F
ITGB1 promoter site4-R

F, forward; R, reverse; ITGBI, integrin beta 1; PIMI, pim-1
proto-oncogene; GATA1, GATA binding protein 1; UBR4, ubiquitin
protein ligase E3 component n-recognin 4; NF-2, neurofibromin 2.

(miR1NO000001-1-5) sense, 5'-UUCUCCGAACGUGUC
ACGUTT-3" and antisense, 5'-ACGUGAACAGUUCGGAGA
ATT-3'; miR-328-3p inhibitor (miR20000752-1-5) sense,
5'-ACGGAAGGGCAGAGAGGGCCAG-3"; NC inhibitor
(miR2N0000001-1-5), 5'-CAGUACUUUUGUGUAGUA
CAA-3'. The GATAI coding sequence fragment (~1.4 kb) was
amplified with a primer set (forward, 5~ ACTGAGCTTGCC
ACATCCCC-3' and reverse, 5-GGGCCCAGAGACTTGGGT
TG-3") and inserted into the pcDNA3.1 vector (Invitrogen;
Thermo Fisher Scientific, Inc.) between the BamH1 and Xhol

sites. The plasmid construct was transformed in E. coli, and
selected colonies were then cultured. Plasmid DNA was
purified using the Plasmid Maxi Preparation kit (Beyotime
Institute of Biotechnology). To perform cell transfection, the
HK-2 cells were plated in 96-well plates and incubated for
24 h at 37°C. Each 1 pg of plasmids (or 50 nM miRNA mimic
or 100 nM miRNA inhibitor) were transfected into the HK-2
cells using Lipofectamine™ 3000® Transfection Reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). After 48 h, the
HK-2 cells were subjected to H/R (12 h of hypoxia and 6 h of
reoxygenation). Additionally, the transfection efficiency was
examined using RT-qPCR.

Detection of cell viability. The HK-2 cells were transfected with
the siRNAs or miRNA mimic or miRNA inhibitor for 48 h as
described above and then subjected to H/R. The cells were
then collected and plated in a 96-well plate (1,000 cells/well).
Following cell adherence, Cell Counting Kit-8 (CCK-8)
solutions (Beijing Solarbio Science & Technology Co., Ltd.)
were added to the cells for detecting cell viability. At 2 h
following the addition of CCK-8, the absorbance at 450 nm
was measured using a microplate reader (DNM-9606, Beijing
Pulangxin technology Co., Ltd.) and cell the viability rate was
analyzed compared to the control group (100%).

Detection of cell apoptosis. The HK-2 cells were subjected
to H/R as described above. For cell apoptosis analysis,
1x10° cells were harvested using trypsase solution (Beijing
Solarbio Science & Technology Co., Ltd.) and resuspended in
binding buffer (Beijing Solarbio Science & Technology Co.,
Ltd.). Following centrifugation, the pellets were incubated
with 5 ul Annexin V-Fluorescein isothiocyanate isomer
(FITC) solutions (Beijing Solarbio Science & Technology Co.,
Ltd.) for 10 min and then with with 5 ul propidium iodide (PI)
solutions (Beijing Solarbio Science & Technology Co., Ltd.).
Flow cytometry was performed using a Guava EasyCyte Mini
System (Luminex, Inc.).

Detection of inflammatory cytokines. Enzyme linked
immunosorbent assay (ELISA) interleukin-1f (IL-1p),
interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a)
kits (Beijing Solarbio Science & Technology Co., Ltd.) were
utilized for the quantitative determination of concentra-
tions in the cell culture supernatants. Firstly, 100 ul samples
were added to each well and incubated for 90 min at 37°C.
The cells were then incubated with 100 pl working solution
(a component of the ELISA kits) containing biotin-conjugated
anti-human IL-1p/IL-6/TNF-a antibodies (a component of
the ELISA kits) for 60 min at 37°C. Subsequently, 100 ul
streptavidin-horseradish peroxidase (HRP) working solutions
(a component of ELISA kit) were utilized for a further 30 min
of incubation at 37°C. Following incubation with 100 pl
substrate solution (a component of the ELISA kits) away
from light at 37°C for 15 min, the reactions were terminated
using stop solutions (a component of the ELISA kits) and the
absorbance at 450 nm was measured using a microplate reader
(DNM-9606, Beijing Pulangxin technology Co., Ltd.).

RNA-sequencing analysis. Using the keywords ‘renal ischemia
reperfusion’ and ‘microRNA’, datasets were searched in the
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GEO database (https://www.ncbi.nlm.nih.gov/gds/). The selec-
tion criteria were as follows: i) Datasets with non-coding RNA
profiling types; ii) datasets containing a sham operation group
and a renal IRI group; iii) datasets with reasonable biological
replications. The GSE124669 dataset contains samples from
multiple time points post-IRI. The GSE124669 dataset was used
for RNA-seq analysis. In brief, Sonoda et al (18) constructed
a bilateral IRI model. Sprague-Dawley rats (male, 10 weeks)
were randomly divided into the sham operation group and
IRI group. The left and right renal vascular pedicles were
subjected to clamped operation for 25 min and then reperfused
with blood. The RNA used for sequencing was isolated from
urinary exosomes at days 1,2, 3,7 and 14 post-IRI. The RNA
samples were then sequenced using the Illumina HiSeq 2500
platform. Raw sequence files were obtained from the SRA
(SRP175286, https://www.ncbi.nlm.nih.gov/sra). The RNA
sequencing data were obtained from Gene Expression Omnibus
(GSE124669). The reads containing adapter sequences and
low-quality reads (Phred-scale quality score <20) were
removed from the raw data. The sequence quality was assessed
using FastQC (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/, released Version 0.11.9). Clean data
were subjected to analysis using the IDEG6.2 online tool
(http://telethon.bio.unipd.it/bioinfo/IDEG6_form/) (19). The
differentially expressed miRNAs with +1.5-fold change (FC)
and an adjusted P-value <0.05 were obtained using RNA
sequencing analysis. The differentially expressed miRNA
(rno-miR-328a-3p) was then subjected to an analysis on the
UCSC Genome Browser (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) to confirm the conservation between rno-miR-328a-3p
and hsa-miR-328-3p.

Prediction of miRNA-mRNA interactions. The mRNAs
targeting miR-328-3p were predicted using three different
databases: TargetScan (http://www.targetscan.org/vert_72/),
Pictar(https://pictar.mdc-berlin.de/cgi-bin/new_PicTar_mouse.
cgi) and miRDB (http://mirdb.org/). The overlapping interac-
tions were calculated utilizing a web tool (http://bioinformatics.
psb.ugent.be/webtools/Venn/). A graphical output in the form
of venn diagram was produced to illustrate the overlapping
mRNA interactions.

Prediction of miRNA-circRNA interactions. The binding sites
between circRNAs and miR-328-3p were predicted using
StarBase v2.0 (http://starbase.sysu.edu.cn/). StarBase perform
miRNA-circRNA interactions by intersecting the predicting
target sites of miRNAs with binding sites of Ago protein,
which were derived from CLIP-seq data. The Ago clipEx-
pNum is defined as the number of supporting AGO CLIP-seq
experiments. An additional screening parameter (8mer class,
clipExpNum strict stringency =5) was changed to refine the
results. The 51 candidate circRNAs of miR-328-3p are listed
in Table II. The 51 candidate circRNAs were sorted using
Ago clipExpNum in descending numerical order. The top
three circRNAs with a high clipExpNum were subjected to
further RT-qPCR analysis in the cells subjected to H/R.

RNA immunoprecipitation (RIP) assay. RIP assay was
carried out to confirm the RNA-Ago2 protein interaction by
utilizing the Dynabeads™ Protein A Immunoprecipitation kit

(Invitrogen; Thermo Fisher Scientific, Inc.). Briefly, the HK-2
cells overexpressing circITGB1 or miR-328-3p were incubated
in a 25 cm? cell culture flask for 48 h. A total of 5x10° cells
were lysed using cell extraction buffer. Dynabeads magnetic
beads were resuspended on a roller for 5 min. Subsequently,
50 pl (1.5 mg) beads were placed on the magnet to separate the
beads from the solution. Typically, 1 yg Anti-Ago2 (ab186733,
Abcam) or IgG (ab172730) antibodies diluted in 200 u1 Ab
Binding Buffer were incubated with the beads for 10 min
at room temperature. The tube was placed on the magnet to
remove the supernatant. The magnetic bead-Ab complex
was resuspended in 200 xl Ab Binding and washing buffer
(a component of the immunoprecipitation kit). To allow the
antigen (Ag) to bind to the bead-Ab complex, the cell sample
(100 ul) containing RNAs were incubated with the bead-Ab
complex in a shaker for 10 min. The tube containing the
bead-Ab-Ag complex was placed on the magnet to remove
the supernatant. The bead-Ab-Ag complex were washed with
200 ul washing buffer three times. The bead-Ab-Ag complex
was then separated on the magnet between each wash. The
resulting complex was resuspended in 100 ul washing buffer
and was transferred to a clean tube. The tube was placed on
the magnet to remove the supernatant. A total of 20 ul elution
buffer (a component of the immunoprecipitation kit) was
then incubated with the beads-Ab-Ag complex for 2 min to
dissociate the complex. The tube was placed on the magnet.
The supernatant containing eluted Ab and Ag was transferred
to a clean tube. The coprecipitated RNAs were isolated from
the supernatant by using RNeasy MinElute Cleanup kit
(Qiagen, Inc.) and reverse transcribed into cDNA using the
Prime-Script RT reagent kit (Takara Biotechnology Co., Ltd.)
according to the manufacturer's instructions. Subsequently, the
mRNA levels of circITGB1 and miR-328-3p were measured
using RT-qPCR assay as described above.

Transcription factor analysis. The in silico analysis of the
ITGBI promoter (2,000 bp upstream of the transcriptional start
site) was performed to identify the binding sites for GATAL.
The sequence of the ITGBI1 promoter was downloaded from
NCBI (https://www.ncbi.nlm.nih.gov/). The JASPAR database
(http://jaspar.genereg.net/) provided the frequency matrix
of transcription factor GATA1 (Matrix ID: MA0035.4). A
FASTA-formatted sequence (ITGB1 promoter) was input to
scan with the GATA1 matrix model. A total of four putative
sites were predicted with a relative profile score threshold
of 80%.

Luciferase reporter gene assay. Four fragments in the ITGB1
promoter were amplified using PCR primers (Table I). The
fragments of the ITGB1 promoter were inserted into the pGL3
luciferase vector (Promega Corporation) and the resulting
vectors were named as ITGB1 promoter-luc or sitel/2/3/4-WT,
respectively. The QuickMutation™Plus Site-Directed
Mutagenesis kit (Beyotime Institute of Biotechnology) was
utilized to construct mutated ITGB1 promoter luciferase
reporter vectors. Cells in which GATA1 was overexpressed
or silenced (1x10%) were seeded in 96-well plates and
co-transfected with the luciferase plasmid (2 ul/ug) using
Lipofectamine™ 3000® (Invitrogen; Thermo Fisher Scientific,
Inc.). After 48 h, a luciferase reporter assay kit (Promega
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Table II. Candidate target circRNAs of miR-328-3p.

AgoClip ExpNum CircRNA Gene symbol AgoClip ExpNum CircRNA Gene symbol
33 hsa_circ_0038229 ARLG6IP1 7 hsa_circ_0060786 ZNFX1
24 hsa_circ_0018263 HNRNPF 6 hsa_circ_0011360 TXLNA
20 hsa_circ_0018148 ITGBI 6 hsa_circ_0011535 ZMYM4
17 hsa_circ_0067884 PHC3 6 hsa_circ_000837 ZMYM4
15 hsa_circ_0038615 UBFD1 6 hsa_circ_0015760 ASPM
15 hsa_circ_0060840 ADNP 6 hsa_circ_0064170 ARPC4
15 hsa_circ_0092035 RPL10 6 hsa_circ_0064168 ARPC4
14 hsa_circ_0022454 MTA2 6 hsa_circ_0019002 WAPAL
11 hsa_circ_0052438 PXDN 6 hsa_circ_0024149 CASP4
11 hsa_circ_0032208 ZBTB25 6 hsa_circ_0035341 ARPP19
10 hsa_circ_0076407 KIAA0240 6 hsa_circ_0042407 AKAPI0
10 hsa_circ_0017865 VIM 6 hsa_circ_0044502 COLI1A1
9 hsa_circ_0070224 HNRPDL 6 hsa_circ_0051287 PAFAH1B3
9 hsa_circ_0070499 ADHS5 5 hsa_circ_0012093 PTPRF

9 hsa_circ_0002819 NEMF 5 hsa_circ_0016274 YODI

8 hsa_circ_0008494 ARIDIA 5 hsa_circ_0058542 TRIP12
8 hsa_circ_0081562 SERPINEI1 5 hsa_circ_0074380 NR3C1
8 hsa_circ_0026833 ESYTI1 5 hsa_circ_0074379 NR3Cl1
8 hsa_circ_0026859 ESYTI1 5 hsa_circ_000420 NR3Cl1
8 hsa_circ_0041373 HIC1 5 hsa_circ_0085911 PLEC

8 hsa_circ_0090446 TIMP1 5 hsa_circ_0085897 PLEC

7 hsa_circ_0015610 SMG7 5 hsa_circ_0089684 C9orf167
7 hsa_circ_0015612 SMG7 5 hsa_circ_0025304 PHB2

7 hsa_circ_0007774 EDAR 5 hsa_circ_0036012 SMAD3
7 hsa_circ_0075320 SQSTM1 5 hsa_circ_0048442 AES

7 hsa_circ_0006271 GIGYF1

AgoClip ExpNum, number of supporting AGO CLIP-seq experiments.

Corporation) was utilized for the detection of the luciferase
activities. The relative luciferase activities were analyzed via
normalization against the Renilla luciferase values.

Western blot analysis. Cells were collected by incubation with
trypsin and lysed with radio immunoprecipitation assay (RIPA)
buffer (Beijing Solarbio Science & Technology Co., Ltd.) for
30 min. Following centrifugation at 800 x g for 5 min at 4°C
(Beckman Coulter Life Sciences), the concentration of total
protein were determined using BCA Protein Assay kit (Beijing
Solarbio Science & Technology Co., Ltd.). The proteins were
then denatured at 95°C and then subjected to separation on
12% SDS-PAGE gels. A total of 20 ug proteins were then
transferred onto polyvinylidene fluoride (PVDF) membranes
and blocked with bovine serum albumin (BSA) buffer for 2 h
at room temperature. The membranes were incubated with
primary antibodies that were diluted in BSA buffer overnight
at 4°C. The primary antibodies used were anti-PIM1 (1:2,000,
ab54503), anti-NF-2 (1:10,000, ab109244) and anti-GAPDH
(1:1,000, ab8245) (all from Abcam). The PVDF membranes
were then incubated with HRP-conjugated secondary anti-
bodies (1:1,000, ab7090; 1:5,000, ab97080, Abcam) for 2 h
at room temperature. Finally, immunoreactive proteins were

detected using enhanced chemiluminescence (ECL) Western
Substrate (Thermo Fisher Scientific, Inc.) and visualized using
a Chemiluminescence Imager (Tanon Science & Technology).

Statistical analysis. Data are presented as the mean + standard
deviation (SD) from three independent experiments. Statistical
analysis between multiple groups was performed with
one-way analysis of variance (ANOVA) and Bonferroni's
post hoc comparisons test using GraphPad Prism 8.0 software
(GraphPad, Inc.). A P-value <0.05 was considered to indicate a
statistically significant difference.

Results

miR-328-3p is downregulated in HK-2 cells subjected to H/R.
miRNAs are one of the most genetically expressed non-coding
RNAs in AKI (20) and consequently potentiate or inhibit
the pathogenicity of inflammation (21). With an objective to
explore the miRNAs regulated in AKI, a RNA sequencing
dataset (GSE124669) was obtained and data analysis was
performed. miRNA expression profiles in rats were clustered
based on the treatment conditions (IR surgery group and
sham group). The statistical analysis of the RNA-sequencing
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data with +1.5 FC and adjusted P-value <0.05 generated a list
that contained 36 miRNAs that were differentially expressed
in the IR surgery groups at each time points compared with the
sham groups. The heatmap displayed a total of eight miRNAs
(rno-miR-378a-3p, rno-miR-328a-3p, rno-miR-200c-3p,
rno-miR-23b-3p,rno-miR-9a-5p,rno-miR-21-5p,rno-miR-351-5p
and rno-miR-3473) that were differentially expressed at
two time points (Fig. 1A). It was previously reported that
miR-378a-3p plays a crucial role in ferroptosis in AKI (22).
The present study focused on the second highest differentially
expressed miRNA (rno-miR-328a-3p). rno-miR-328a-3p was
downregulated in the IR group on days 1/2/3. To explore the
potential function of rno-miR-328a-3p in cell development
and regulation, a conservation analysis we performed using
UCSC Genome Browser (https://blast.ncbi.nlm.nih.gov/Blast.
cgi). The results indicated that the precursor sequence for both
rat rno-miR-328a-3p and human hsa-miR-328-3p was highly
conserved with a 94% sequence identity and only a four
nucleotide difference (Fig. 1B). In order to elucidate whether
miR-328-3p expression has any effect on cells damaged
by H/R, HK-2 cells were subjected to hypoxia for 12 h and
then cultured in a normoxic incubator for 0/3/6/9/12 h. The
validation of miR-328-3p expression using RT-qPCR analysis
was performed and the results revealed a reoxygenation-depen-
dent inhibition of miR-328-3p levels in HK-2 cells (P<0.01 and
P<0.001, Fig. 1C). The 9-h and 12-h reoxygenation decreased
the survival rate of the HK-2 cells by ~90%. The cell amount
was not sufficient to perform subsequent experiments. As the
9-h and 12-h reoxygenation may exert cytotoxic effects on HK-2
cells, the 6-h reoxygenation time point was selected for use in
further experiments. Thus, it was concluded that miR-328-3p
downregulation was induced by H/R in HK-2 cells.

miR-328-3p exerts anti-inflammatory effects in HK2 cells
subjected to H/R. Since miR-328-3p was expressed at low
levels following H/R, it was overexpressed by miR-328-3p
mimic transfection in HK-2 cells and its effects on various
parameters related to renal injury were examined. The
overexpression efficiency was confirmed using RT-qPCR assay
(P<0.01, Fig. S1A). As shown in Fig. 1D, mimic transfection
indeed led to a high level of miR-328-3p in the H/R-exposed
cells compared with the H/R group (P<0.01 and P<0.001).
It was observed that H/R induced a significant decrease in
the viability of the HK-2 cells (P<0.001, Fig. 1E). Notably,
the re-expression of miR-328-3p significantly increased cell
viability when compared to H/R treatment alone (P<0.01,
Fig. 1E). Moreover, while H/R treatment increased the cell
apoptotic rate, the overexpression of miR-328-3p reversed the
promoting effects of H/R on HK-2 cell apoptosis (P<0.001,
Fig. 1F and G). The concentrations of inflammation-related
cytokines were also significantly increased in the H/R group,
as shown using ELISA (P<0.001, Fig. 1H-J). However, the
overexpression of miR-328-3p inhibited the inflammatory
response triggered by H/R (P<0.001, Fig. 1H-J). These
results indicated that the pro-inflammatory effects of H/R
on HK-2 cells were partly reversed by the overexpression of
miR-328-3p.

miR-328-3p targets the PIMI1 gene and abrogates the
H/R-mediated inflammatory response in HK-2 cells. One

of the mechanisms through which miRNAs function in cell
regulation is competitively targeting the 3'UTR region of
target genes, which leads to the loss or gain of gene function
and controls cellular biological behaviors (23). In the present
study, bioinformatics analysis integrated with some online
databases predicted a total of 13 genes targeting miR-328-3p
(Fig. 2A). Furthermore, the expression levels of the predicted
targets were screened in HK-2 cells following H/R. The results
revealed that the exposure of HK-2 cells to H/R resulted in a
>1.5-fold increase in PIM1 and NF-2 levels compared to the
control group (P<0.01 and P<0.001, Fig. 2B). Subsequently,
the present study examined whether PIM1 or NF-2 expression
was regulated by miR-328-3p in H/R-e HK-2 cells. H/R led
to the increased expression of PIM1 and NF-2, as determined
using RT-qPCR and western blot analysis (P<0.001, Fig. 2C).
Moreover, PIM1 and NF-2 expression was considerably lower
in the H/R + miR-328-3p mimic group than in the H/R group
(P<0.01 and P<0.001, Fig. 2C). The scanning of miR-328-3p
for human PIM1 and NF2 gene recognition sites, revealed
an 8mer complementary binding site in the 3'UTR region of
PIM1 mRNA and 7mer-8 sequence complementary to the
3'UTR region of NF2 mRNA, as shown in Fig. 2D. To eluci-
date whether miR-328-3p targets PIM1 and NF2, the putative
miR-328-3p recognition sequences of targets were cloned in the
PMIR reporter vector. Co-transfection with PIM1 3'UTR-WT
and miR-328-3p mimic in HK-2 cells significantly reduced the
luciferase activity (P<0.001, Fig. 2E). In addition, the mutant
PIM1 sequence in the putative miR-328-3p binding sites
abolished this effect (Fig. 2E). However, luciferase reporter
gene assay indicated that miR-328-3p failed to target the NF-2
3'UTR (Fig. 2F).

To examine the effects of PIM1 regulation by miR-328-3p
in H/R-exposed cells, siPIM1, miR-328-3p inhibitor and the
corresponding control plasmid were generated and transfected
into HK-2 cells. The knockdown of miR-328-3p was further
confirmed (P<0.001, Fig. S1B). RT-qPCR analysis was also
performed to confirm the inhibitory degree of silencing PIM1
(P<0.001, Fig. S1C). Furthermore, the viability, apoptosis
and inflammatory potential of H/R-exposed HK-2 cells were
assessed. An ~20% decrease in cell viability was observed in
the cells in which miR-328-3p was silenced, compared to the
H/R-exposed cells (P<0.001, Fig. 2G). However, PIM1 knock-
down in the miR-328-3p-silencing cells resulted in a significant
increase in cell viability compared to the H/R + miR-328-3p
inhibitor group (P<0.05, Fig. 2G). Moreover, it was observed
that the re-expression of miR-328-3p induced a significant
increase in the apoptosis of H/R-exposed HK-2 cells; it also
further increased the levels of pro-inflammatory factors
(P<0.001, Fig. 2H-L). In addition, the silencing of PIMI
reversed the cell damage triggered by H/R and miR-328-3p
knockdown in HK-2 cells (P<0.001, Fig. 2H-L). These data
indicated that PIM1 upregulation by miR-328-3p exerts
pro-inflammatory effects in H/R-exposed HK-2 cells.

circITGBI functions as a sponge of miR-328-3p. Since
circRNAs are aberrantly regulated in human diseases, the
present study explored whether the level of miR-328-3p in
HK-2 cells could be regulated by specific circRNAs. To this
end, circRNAs that have potential binding sites to miRNAs
were first examined using StarBase (http://starbase.sysu.
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Figure 1. miR-328-3p is downregulated and exerts anti-inflammatory effects in H/R-exposed HK-2 cells. (A) Hierarchical clustering of the expression array
data (GSE124669) in rats subjected to ischemia/reperfusion injury and sham-operated rat. (B) Sequence alignment between rno-miR-328a-3p and human
hsa-miR-328-3p. (C) HK-2 cells were subjected to hypoxia (12 h) and reoxygenation for various periods of time (0, 3, 6,9 and 12 h). The expression level of
miR-328-3p was then determined using RT-qPCR. (D) Expression levels of miR-328-3p in HK-2 transduced with NC mimic or miR-328-3p mimic and exposed
to with H/R were examined using RT-qPCR analysis. (E) The miR-328-3p-overexpressing cells or NC mimic-transfected cells were seeded in a 96-well culture
dish and exposed to H/R (12 h of hypoxia and 6 h of reoxygenation) and evaluated for cell viability using CCK-8 assay by detecting the absorbance at 450 nm.
(F and G) The miR-328-3p-overexpressing or NC mimic-transfected cells were exposed to H/R to stimulate acute kidney injury, followed by staining with
Annexin V or PI solutions, and examined using flow cytometry. (H-J) ELISA of TNF-a, IL-6 and IL-1f pro-inflammatory markers in HK-2 cells following
transfection with miR-328-3p mimic/NC mimic and treated with H/R. Data are presented as the mean + standard deviation from three independent experi-
ments. “P<0.01 and ""P<0.001 vs. control group; *P<0.01 and **P<0.001 vs. H/R + NC mimic group. RT-qPCR, reverse transcription-quantitative PCR; H/R,
hypoxia/reperfusion; IL-1f, interleukin-1f; IL-6, interleukin-6; TNF-a, tumor necrosis factor-a.

edu.cn/). By applying an additional screening parameter
(8mer class, clipExpNum strict stringency =5), the results

HK-2 cells using RT-qPCR. The results revealed that H/R
resulted in an upregulation of hsa_circ_0018148 (P<0.001,

were narrowed down to three circRNAs candidates that target
miR-328-3p (Fig. 3A). The present study then examined the
expression levels of these circRNAs (hsa_circ_0038229,
hsa_circ_0018263 and hsa_circ_0018148) in H/R-exposed

Fig. 3B). To confirm the effect of hsa_circ_0018148
(also known as circITGB1) on the miR-328-3p level in HK-2
cells, siRNA targeting circITGB1 was transfected into the
HK-2 cells. RT-qPCR analysis was performed to confirm the
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Figure 2. miR-328-3p targets the PIM1 gene and abrogates the H/R-mediated inflammatory response in HK-2 cells. (A) Venn diagram illustrating common
targeting gene candidates of miR-328-3p between the TargetScan, Pictar and miRDB databases. (B) HK-2 cells were subjected to hypoxia (12 h) and reoxy-
genation for 6 h. The expression levels of gene candidates were then determined using RT-qPCR. "P<0.05, “P<0.01 and “"P<0.001 vs. control group. (C) The
expression levels of PIM1 and NF-2 in HK-2 transduced with NC mimic or miR-328-3p mimic and treated with H/R were examined using RT-qPCR and
western blot analysis. ““P<0.001 vs. control group; “P<0.01 and *P<0.001 vs. H/R + NC mimic group. (D) Sequence alignment between miR-328-3p
seed sequence and 3'UTR sequences of targeting genes. (E and F) Luciferase reporter gene assays were carried out with miR-328-3p mimic or NC mimic
transfection in cells co-transfected with PIM1 3'UTR-WT/MUT or NF-2 3'UTR-WT/MUT. ““P<0.001 vs. NC mimic group. HK-2 cells were co-transfected
with miR-328-3p inhibitor/NC inhibitor and siPIM1/siNC and then treated with H/R. (G) Cell viability was evaluated using CCK-8 assay by detecting the
absorbance at 450 nm. (H and I) Cells were stabled with Annexin V or PI solutions, and cell apoptosis was detected using flow cytometry. (J-L) ELISA of the
TNF-a, IL-6 and IL-1B concentrations in HK-2 cells. Data are presented as the mean + standard deviation from three independent experiments. ““P<0.001
vs. control group; #P<0.01 and *P<0.001 vs. H/R + NC inhibitor group; ¥P<0.05, *“P<0.01 and **¢P<0.001 vs. H/R + miR-328-3p inhibitor + siNC group.
PIMI, pim-1 proto-oncogene; NF-2, neurofibromin 2; RT-qPCR, reverse transcription-quantitative PCR; H/R, hypoxia/reperfusion; WT, wild-type; MUT,
mutant-type; IL-1f, interleukin-1f; IL-6, interleukin-6; TNF-a, tumor necrosis factor-a.
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Figure 3. circITGBI1 functions as a sponge of miR-328-3p. (A) Schematic representation of putative miRNA targeting circRNA prediction. (B) HK-2 cells
were exposed to with hypoxian (12 h) and reoxygenation for 6 h. Then, the expression levels of hsa_circ_0038229, hsa_circ_0018263 and hsa_circ_0018148
were determined using RT-qPCR. ““P<0.001 vs. control group. (C) Expression levels of miR-328-3p in HK-2 transduced with si-NC or si-circITGB1 and
treated with H/R were examined using RT-qPCR analysis. ““P<0.001 vs. control group; “P<0.001 vs. H/R + si-NC group. (D) Schematic illustration of the
formation of circITGBI1 via the circularization of exons 3-14 in ITGB1 gene. (E) The expression of circITGB1 and ITGB1 mRNA following treatment with
RNase R. ""P<0.001 vs. mock group. (F) Random primers and oligo (dt)18 primers were utilized for reverse transcription and RT-qPCR was performed to
examine the expression of circITGB1 and ITGB1 mRNA. ““P<0.001 vs. random primers group. (G) Sequence alignment between miR-328-3p and circITGBI.
(H) Luciferase reporter gene assay was carried out with miR-328-3p mimic or NC mimic transfection in cells with co-transfection of circI TGBI-WT/MUT.
“"P<0.001 vs. NC mimic group. (I) RIP assay performed with to RNA immunoprecipitation assay with anti-Ago2 antibody was performed in H/R-treated
HK-2 cells, followed by RT-qPCR to examine the enrichment of circITGB1 and miR-328-3p. Data are presented as the mean + standard deviation from three
independent experiments. ““P<0.001 vs. Anti-IgG group. circITGBI, circular RNA integrin beta 1; RT-qPCR, reverse transcription-quantitative PCR; H/R,

hypoxia/reperfusion; WT, wild-type; MUT, mutant-type.

inhibitory effect of si-circITGBI on the circITGBI expression
level (P<0.001, Fig. S1D) and to exclude an off-target effect
of the siRNA. miR-328-3p expression was also examined in
ITGBI-silenced cells and it was found that the H/R-exposed
cells that were transfected with si-circITGBI1 expressed
a higher level of miR-328-3p when compared to the cells
that exposed to H/R (P<0.001, Fig. 3C). hsa_circ_0038229
(2,097 bp sequence in length), is generated from exons 2-14

of the ITGBI1 gene located on chrl0:33199150-33221528
(Fig. 3D). It was found that circITGB1 was resistant to RNase
R digestion, while the linear mRNA of ITGBI in HK-2 cells
was markedly decreased by RNase R treatment (P<0.001,
Fig. 3E). Moreover, RT-qPCR was utilized to detect the levels
of circITGBI and ITGB1 mRNA following reverse transcrip-
tion with random primers and oligo(dt)18 primers (P<0.001,
Fig. 3F). Additionally, as shown in Fig. 3G, a target sequence
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Figure 4. Silencing circITGBI reverses the inflammatory response by increasing miR-328-3p expression in H/R-exposed HK-2 cells. (A) HK-2 cells were
co-transfected with miR-328-3p inhibitor/NC inhibitor and si-circITGB1/si-NC and then exposed to H/R. Cell viability was evaluated using CCK-8 assay
by detecting the absorbance at 450 nm. (B and C) Cells were stabled with Annexin V or PI solutions, and cell apoptosis was detected using flow cytometry.
(D-F) ELISA of the TNF-a, IL-6 and IL-1f concentrations in HK-2 cells. Data are presented as the mean + standard deviation from three independent
experiments. ““P<0.001 vs. control group; “#P<0.001 vs. H/R + si-NC group; ¥4P<0.01 and **4P<0.001 vs. H/R + si-circITGB1 + miR-328-3p inhibitor group.
circITGBI, circular RNA integrin beta 1; H/R, hypoxia/reperfusion; IL-1f, interleukin-1f; IL-6, interleukin-6; TNF-a, tumor necrosis factor-o.

of circITGB1 was found in miR-328-3p, suggesting that
circITGBI directly targeted miR-328-3p. To further confirm
this, a fragment of wild-type circlTGBI1 containing the putative
miR-328-3p target sequence was first cloned into a luciferase
reporter vector, and it was found that miR-328-3p mimic trans-
fection resulted in a significant decrease in luciferase activity
(P<0.001, Fig. 3H). However, the luciferase activity of the
circITGB1I-MUT + miR-328-3p mimic group had no signifi-
cant change compared to the circITGBI-MUT + NC mimic
group. In addition, RIP assay was performed in H/R-exposed
HK-2 cells to precipitate circITGB1 and miR-328-3p with an
anti-Ago2 antibody. The data suggested that both circITGB1
and miR-328-3p were evidently pulled down by anti-Aso2
antibody compared with the IgG group (P<0.001, Fig. 31).
Collectively, these results indicated that circITGBI1 functioned
as a sponge of miR-328-3p in HK-2 cells.

Silencing of circITGBI reverses the inflammatory response
by increasing miR-328-3p expression in H/R-exposed HK-2

cells. As it was found that circITGBI functions as a regulator
of miR-328-3p expression which modulates cell inflamma-
tion, the present study then investigated whether circITGB1
affects the inflammatory context by binding miR-328-3p. The
knockdown of circITGBI alone increased the growth of HK-2
cells compared to the H/R group (P<0.001, Fig. 4A). This was
consistent with the reduction of cell apoptosis in the H/R +
si-circITGB1 + NC inhibitor group (P<0.001, Fig. 4B and C).
Furthermore, the combination of si-circI TGB1 and miR-328-3p
inhibitor transfection decreased cell viability compared to the
co-transfection of si-circITGB1 and NC inhibitor (P<0.01,
Fig. 4A). However, the apoptotic percentage was increased
in the H/R + si-circITGB1 + miR-328-3p inhibitor group
compared with the H/R + si-circITGBI1 + NC inhibitor group
(P<0.001, Fig. 4B and C). Moreover, the concentrations of
pro-inflammatory factors (TNF-a, IL-6 and IL-1p) were
decreased following si-circITGBI transfection compared
with the H/R group (P<0.001, Fig. 4D-F). However, the addi-
tion of miR-328-3p inhibitor reversed the inhibitory effects
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of si-circITGBI on the secretion of inflammatory factors in
H/R-exposed cells (P<0.001, Fig. 4D-F).

GATAI is a transcription factor which regulates circITGBI.
Accumulating evidence indicates that transcription factors
can bind to the promoter of circRNAs and then regulate the
effects of circRNAs in human diseases (24,25). To investi-
gate the mechanisms through which circITGBI is regulated
in HK-2 cells, the JASPAR database (http://jaspar.genereg.
net) was used to predict potential transcription factors that
can bind to the promoter of ITGB1. The predication results
indicated four putative GATA1-binding sites upstream of the
transcription start site (TSS) (-1,252~-1,242, -1,184~-1,174,
-1,144~-1,134 and -913~-903 bp) in the ITGB1 promoter
(Fig. SE). GATALI is a member of the GATA family of essen-
tial transcription factors (26) and modulates gene expression
at transcriptional level by binding to specific promoters.
Firstly, the present study examined the effect of H/R on
GATALI expression. As shown in Fig. 5A and B, H/R markedly
enhanced the GATA1 mRNA and protein expression level in
HK-2 cells (P<0.001). To elucidate the effects of GATAI1 on
the level of circITGB1, GATA1 overexpression vectors were
constructed and transfected into HK-2 cells. The successful
overexpression of GATALI in HK-2 cells was confirmed using
RT-qPCR (P<0.01, Fig. S1D). In addition, transfecting HK-2
cells with GATA1-specific siRNA leed to a 50% decrease in
the GATAL expression level in the si-GATA1 group compared
to that in the si-NC group (P<0.01, Fig. S1G). Subsequently,
to verify the transcriptional regulation of GATA1 on ITGBI,
the expression of circITGB1, TGB1 mRNA and pre-mRNA
was examined in GATAl-overexpressing cells. The results
indicated that the exogenous expression of GATA1 increased
the expression of circITGB1 (P<0.001, Fig. 5C). Of note,
GATAI1 overexpression increased the ITGBI pre-mRNA
level (P<0.001), but did not affect the expression of ITGB1
mRNA (Fig. 5C). To confirm the binding of GATALI to the
ITGBI promoter, the 1.5-kb promoter region and the ITGB1
fragments containing potential binding sites were cloned into
a luciferase reporter vector, respectively (Fig. 5D and E). The
dual-luciferase reporter assay indicated that GATA1 over-
expression increased the ITGB1 promoter activity, whereas
GATA1 knockdown decreased ITGB1 promoter activity
(P<0.001, Fig. 5F). In addition, the present study further
explored which site GATA1 binds to the ITGB1 promoter.
The results revealed that the sequences of -1,252~-1,242 and
-913~-903 bp upstream of the ITGB1 TSS were essential for
the GATAl-mediated transcriptional activation of the ITGB1
gene (P<0.001, Fig. 5G-N). Taken together, these results
suggested that ITGBI is the target gene of transcription factor
GATAL.

Discussion

AKI is a fatal renal disease due to its late detection and
reperfusion-induced irreversible damage during kidney trans-
plantation surgery (27,28). Renal tubules are the first to be
damaged under hypoxic or toxic conditions and induce inter-
stitial inflammation and immune responses (29,30). Primary
renal proximal tubule epithelial cells (RPTECs) are valuable
cell models for the study of IRI in vitro (31). However, it is

difficult to ensure the highest viability and plating efficiency
of RPTECs during cell culture. Human tubular epithelial cells
(HK-2) are an immortalized cell line derived from proximal
convoluted tubules of normal kidneys (32). It has been reported
that in vitro IRI HK-2 cell models were induced by hypoxia
in anaerobic chambers (33). The present study found that the
overexpression of miR-328-3p reduced cell apoptosis and the
inflammatory response of H/R-exposed HK-2 cells by targeting
the PIM1 3'UTR. This result suggested that there was a lower
expression of miR-328-3p or a higher level of PIM1 following
H/R that could account for renal injury. Furthermore, it was
found that cell inflammatory injury was mediated by the over-
expression of circITGBI1 and the transcription factor GATA1
may bind to the ITGB1 promoter, resulting in the expression
of circITGBI.

The late detection of AKI patients is dependent not only
on the urine output criteria or serum creatinine criteria (28),
but also on the specific exosome microenvironment (34). With
respect to this, several exosome miRNAs exert consider-
able functions in the inflammasome activation and cascade.
Hence, the identification of the exosome miRNAs and the
confirmation of their role in IRI may offer specific therapeutic
intervention strategies for AKI. The present study found
that exosome rno-miR-328a-3p was downregulated in IRI
datasets. Moreover, rno-miR-328a-3p is homologous with
hsa-miR-328-3p. Thus, HK-2 cells were used to induce IRI and
explore the role of miR-328-3p in the human cell inflammatory
response. miR-328 has been shown to regulate the MEK-ERK
signaling pathway, resulting in the inhibition of myocardial IRI
and apoptosis (35). The findings of the present study suggested
that the overexpression of miR-328-3p resulted in a decrease in
PIM1 expression and, therefore, played an anti-inflammatory
role in H/R-exposed HK-2 cells.

PIMI belongs to the Ser/Thr protein kinase family and
functions as a proto-oncogene in human malignancies (36).
PIM1 plays a role in the regulation of cell proliferation and
survival in breast cancer (37), prostate cancer (38) and
colorectal cancer (39). A role in hypoxia environment has been
described for PIM1, since the apoptosis of rat cardiomyocytes
was inhibited by PIMI1 overexpression to enhance autophagy
in spite of oxidative stress (40). Accordingly, the present
found that PIM1 expression was upregulated in H/R-exposed
HK-2 cells, and its knockdown reversed the pro-apoptotic and
pro-inflammatory effects of miR-328-3p inhibitor.

Non-coding RNAs, particularly circRNAs (41), have been
linked to the regulation of miRNAs. It is considered that the
circRNA-miRNA axis is effective in the regulation of human
diseases, and is able to initiate or inhibit mRNA expression and
modulate biological functions (42). Indeed, a previous study by
the authors indicated that circYAP1 sponged miR-21-5p and
prevented HK-2 cells from IRI (43). As miR-328-3p expression
was downregulated in H/R-exposed cells, it was hypothesized
that circRNAs which are overexpressed following H/R may be
candidates for sponging miR-328-3p in AKI. CircInteractome
can generate 21-nt siRNAs targeting junctional sequences
spanning 5-16 nt on either side of the junction. The 21-nt
siRNAs (GUGGAGAAUCCAGAUGAAAAU) are specific to
the mature sequence of hsa_circ_0018148. This siRNA specif-
ically knocks down the hsa_circ_0018148 without affecting
the linear counterpart mRNA. BLAST analysis directed from
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Figure 5. GATALI is a transcription factor which regulates circITGBI. (A and B) HK-2 cells were subjected to hypoxia (12 h) and reoxygenation for 6 h.
The expression levels of GATA1 were then determined using RT-gPCR and western blot analysis. ““P<0.001 vs. control group. (C) The expression levels of
GATALI, circITGB1,ITGBI1 pre-mRNA and ITGB1 mRNA in GATA1-overexpressing HK-2 cells were examined using RT-qPCR. ““P<0.001 vs. empty vector
group. (D) JASPAR database prediction of the four putative GATA1 binding motif in ITGB1 promoter. (E) Schematic representation of promoter reporter
constructs termed ITGB1 promoter-luc, sitel-luc, site2-luc, site3-luc and site4-luc. (F) Relative luciferase activity was detected in HK-2 cells co-transfected
with luciferase plasmids containing ITGB1 promoter sequences and ov-GATA1/si-GATA1. *“P<0.001 vs. ITGB1 promoter-luc group; ##P<0.001 vs. ITGB1
promoter-luc group (G-N) HK-2 cells were co-transfected with wild-type or mutant ITGB1 promoter luciferase constructs containing GATA1 binding sites and
GATA1 overexpressing vectors or si-GATAL1. Luciferase reporter assay was performed to confirm the binding sites. Data are presented as the mean + standard
deviation from three independent experiments. ““P<0.01 and ““P<0.001 vs. empty vector group or si-NC. GATA1, GATA binding protein 1; circITGB1, circular
RNA integrin beta 1; RT-qPCR, reverse transcription-quantitative PCR; WT, wild-type; MUT, mutant-type.

CircInteractome revealed that the siRNA sequence targets  To exclude an off-target effect of sSiRNA on hsa_circ_0018148,
UBR4 with 16 bp complementation (siRNA nucleotides 2-17).  the expression of the UBR4 gene was detected, which was
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shown to exhibit significant alignment with siRNA by BLAST
analysis. RT-qPCR analysis revealed that the siRNA did not
significantly decrease the UBR4 expression level in HK-2
cells (Fig. SIE). A possible explanation for this may be that
the potential target UBR4 mRNA could form several complex
RNA secondary structures around the siRNA matching
sites. The formed RNA secondary structures will influence
the complementary base pairing between siRNA antisense
strand and targeting sequence, thus influencing the RNAi
efficiency (44). In the present study, it was confirmed that the
knockdown of circITGBI not only increased the expression
level of miR-328-3p, but also led to decreased cell inflamma-
tory properties following exposure to H/R. Nevertheless, the
upstream mechanism of circITGB1 overexpression in AKI
remains to be elucidated.

Previous studies have established that transcription factors
may be related to gene or circRNA regulation (45,46). For
example, it has been shown that transcription factor YY1
can bind to the promoter of circ-ZNF609 and regulate the
progression in cholangiocarcinoma (47). The promoter of
circHipk2 has also been found to be regulated by transcrip-
tion factor Spl and circHipk?2 is regarded as an important
candidate regulating myogenesis (48). The transcriptional
activity of circITGBI derives from the main promoter region
upstream of ITGBI coding sequence, which includes several
transcription factor binding sites (46). In the present study, to
determine the upstream regulatory mechanism of circITGB1
under H/R conditions, bioinformatics analysis indicated that
the transcription factor GATA1 could bind to four sites region
on the ITGBI promoter sequence.

GATAI contains two zinc finger domain, an N-terminal
and a C-terminal transactivation domain (49). Emerging
evidence indicates GATAI is activated in several tumors,
such as prostate, colorectal and renal cancer (50). However,
the functions of GATA1 in AKI and IRI have not been
reported to date, at least to the best of our knowledge. GATA1
encodes a key hematopoietic transcription factor essential for
the specification of erythroid cells from early hematopoietic
stem and progenitor cells. A lack of GATAI activity can be
a major pathogenic mechanism that contributes to anemia
in vivo. Under hypoxic conditions, the kidneys will produce
erythropoietin (EPO), which is carried through the blood
to the bone marrow and spleen to enhance proliferation and
survival of erythroid progenitors to ablate the hypoxic condi-
tions, and reduce EPO production back to normal levels (51).
The transcription factor GATAI1 appears to be specifically
upregulated during the course of erythroid differentia-
tion (52,53). In addition, GATAL1 exerts a regulatory function
in promoting pro-inflammatory cytokines levels by mediating
nitric oxide synthase 2 transcription (54). Inflammation is a
common pathophysiological manifestation of clinical AKI
or IRI in vivo (55). In the present study, the results indicated
that H/R increased the expression level of GATAI in HK-2
cells. In further mechanistic analyses, GATA1 was found to
regulate ITGBI transcription by binding to specific consensus
binding sites (CTAATCT) within the ITGB1 promoter.
Specifically, putative binding sites for GATA1 are located at
nucleotides -1.252/-1.242 and -913/-903 upstream of the tran-
scription start site within ITGB1 promoter. To the best of our
knowledge, the present study was the first to demonstrate that

GATALI contributed to the aberrant increase in the expression
of circITGBI.

It is worth noting that there were some limitations to the
present study. Firstly, in vivo IRI samples need to be analyzed
to confirm the expression levels of circITGB1/miR-328-3p.
Secondly, the distribution of circITGB1 expression in the
cytoplasm or nucleus in H/R-exposed HK-2 cells remains
to be investigated in order to understand the transcriptional
regulation. Thirdly, the pathway downstream PIMI1 needs to
be further explored to clarify the mechanisms involved in
IRI.

In conclusion, the present study demonstrated a novel
pathway which places circITGB1/miR-328-3p/PIM1 under the
transcriptional control of GATAI in H/R-treated HK-2 cells.
The findings presented herein confirmed the pro-inflammatory
role of circITGBI in IRI, suggesting potential targets with the
miR-328-3p/PIM1 axis during the progression of AKI. Further
studies are required however, to evaluate the importance of
this regulatory axis in vivo.
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