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Identification of inflammatory response and alternative
splicing in acute Kidney injury and experimental verification of
the involvement of RNA-binding protein RBFOXT1 in this disease
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Abstract. An increasing number of inflammatory responses
and alternative splicing (AS) have been recently reported
to be associated with various kidney diseases. The effect of
inflammatory response on acute kidney injury (AKI) has not
been fully clarified. In the present study, a mouse model of
AKI induced by cisplatin and ischemia-reperfusion (IR) was
established and genome-wide profiling analysis and identifica-
tion of differentially expressed genes (DEGsS) in kidney tissue
was conducted by Gene Ontology (GO) functional analysis,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis, protein-protein interaction (PPI) network
analysis and RT-qPCR. The results revealed that common
DEGs in AKI induced by cisplatin and IR were enriched in the
inflammatory response pathway, including hub genes CSF-1,
CXCL1, CXCL10, IL-1p, IL-34, IL-6 and TLR2. AS in AKI
was initially reported. Cisplatin-induced AS was enriched in
the phosphorylation pathway, involving regulated AS genes
CSNKI1A1, PAK2, CRK, ADK and IKBKB. IR-induced AS
was enriched in apoptosis and proliferation pathways, including
DEGs ZDHHCI16, BCL2L1 and FGF1 regulated by AS. The
ability of RNA-binding proteins (RBPs) to regulate AS was
coordinated with the function of context-dependent genetic
mechanisms. A total of 49 common differentially expressed
RBP genes were screened. RNA binding fox-1 homolog 1
(RBFOX1) was revealed to be the top downregulated gene. The
relative levels of RBFOXI1 in the nuclei of mouse renal tubular
epithelial cells in mRNA and proteins were downregulated
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by cisplatin and IR. Moreover, the biological functions of
RBFOXI1 were investigated in human renal proximal tubular
epithelial cells (HK-2 cells). Results of in vitro experiments
revealed that exogenous RBFOXI1 inhibited inflammation
and oxidative stress to reduce hypoxia/reoxygenation-induced
apoptosis of HK-2 cells. This phenomenon may be related to
the inhibition of NF-kB and the activation of the NRF2/HO-1
signaling pathway. In conclusion, the inflammatory cytokines,
AS and RBPs in AKI were analyzed in the present study via
whole transcriptome sequencing. It was revealed that the RBP
gene RBFOX1 was involved in the pathogenesis of AKI. Thus,
the present study provided novel insights into the mechanism
of AKI pathogenesis.

Introduction

Acute kidney injury (AKI) is a frequent clinical emergency
associated with various aetiologies and pathophysiological
processes leading to decreased glomerular filtration func-
tion, and is considered an independent predictor of mortality
in hospitalized patients, especially for high-risk patients.
Approximately 1.7 million individuals succumb to AKI
worldwide every year (1,2). The most common causes of
AKI include ischemia, hypoxia, or nephrotoxicity (3). An
underlying feature is a rapid decline in glomerular filtration
rate usually associated with decreases in renal blood flow.
The precise cause underlying the pathology of the disease
remains unknown. Identification of gene signatures associated
with disease onset and progression would help to improve
understanding of the molecular mechanisms involved in the
disease pathogenesis.

Pathogenically, AKI is generally described as the injury
of renal tubular epithelial cells and vasculature, accompanied
by the activation of a robust inflammatory response (4).
Inflammation response has been recognized to play an
important role in ischemic and toxic models of AKI (5,6).
In experimental models, tubular cell injury and death have
been revealed to be directly prevented by suppressing
inflammation (7).

Alternative splicing (AS) allows mRNA to produce
different protein subtypes, which represents an important
post-transcriptional regulatory mechanism for gene expression
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and greatly expands gene coding capabilities, protein diversity
and biology function in eukaryotic organisms (8). AS is a
highly-regulated process performed by an intricate molecular
machine-spliceosome; any fault in this regulation can result in
cellular dysfunction and disease (9). More than 2,000 splicing
mutation disease entities are known, resulting in 370 diseases
and involving 303 genes (10). An increasing number of splice
isoforms have been previously reported to be associated
with various kidney diseases (11). Alternative splicing events
(ASEs) are largely controlled by RNA-binding proteins (RBPs)
that recognize specific regulatory sequences embedded in the
pre-mRNA transcripts and coordinate with the function of
context-dependent genetic mechanisms (12).

Inflammation, AS and RBPs in cisplatin and isch-
emia-reperfusion (IR)-induced AKI was identified. In vitro
experiments verified that the RBP gene RNA binding fox-1
homolog 1 (RBFOXI1) was involved in the pathogenesis of
AKI. This comprehensive analysis may reveal the expression
of inflammation, AS and RBPs in AKI and the role of RBFOX1
in this disease. In conclusion, the present study provided novel
insights into the pathogenesis of AKI.

Materials and methods

Establishment of the AKI mouse model. A total of 30 male
C57BL/6J mice (six toeight weeks old; 20-25 g) were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. All mice were adaptively reared for one week in a
standardized environment with a 12-h light/dark cycle and
a controlled 20-26°C temperature and 40-70% humidity.
Access to food and water was ad libitum. Mice were randomly
divided into three groups (n=10/group): Control, cisplatin
and IR. After the C57BL/6J mice were adapted to the envi-
ronment for one week, the AKI model was established by
a single injection of cisplatin and IR. In accordance with a
previous study on the dosage and duration of cisplatin (13), a
cisplatin-induced AKI model was established by intraperito-
neal injection (at approximately 0.5 cm on both sides of the
midline of the hypogastrium) of cisplatin (cat. no. HY-17394;
MedChemExpress) dissolved in physiological saline at a
single dose of 30 mg/kg body weight for 24 h. Under a 3-4%
induction dose and 1-2% maintenance dose of isoflurane
anesthesia, the bilateral renal pedicles were clamped through
a midline abdominal incision for 30 min and blood flow
was restored for 24 h to establish an AKI model induced by
severe IR injury (14). The control mice were not given special
intervention under the same feeding conditions. The vital
signs of the treated mice were observed every 6 h. Within
24 h, 3 mice in the cisplatin group and 1 mouse in the IR
group succumbed. Death was verified by applying pressure
on the mouse nail bed (toe-pinch reflex). After 24 h, all
mice were sacrificed under isoflurane anesthesia, 0.5-0.6 ml
blood was collected from the heart and both kidneys were
dissected after cardiac perfusion with physiological saline
solution. All animal procedures in the present study were
approved (approval no. WDRM-20200904) by the Ethics
Review Committee of Animal Welfare of Renmin Hospital
of Wuhan University (Wuhan, China) and in accordance with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Renal function assessment. The supernatant was collected
after the blood samples were centrifuged at 4°C and 1,000 x g
for 15 min. According to the protocol of the kits provided
by the manufacturer (cat. nos. K066 and K072a; Changchun
Huili Biotech Co., Ltd.), serum creatinine (Cr) and blood urea
nitrogen (BUN) levels, respectively, were detected using an
automatic biochemical analyzer (Rayto Life and Analytical
Sciences Co., Ltd.).

Histopathological studies and immunohistochemical
staining. The kidney tissue was fixed in 4% paraformalde-
hyde for 24 h at room temperature and paraffin embedding
and then cut into 4-ym-thick sections and placed on a glass
slide. For periodic acid-Schiff (PAS) staining, the slices were
placed in PAS dye solution staining for 45 min at 37°C. In
accordance with the terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) kit protocol provided
by the manufacturer (cat. no. G1507; Wuhan Servicebio
Technology Co., Ltd.), the tissue sections were incubated in
the reaction solution at 37°C for 1 h. At 37°C, the nucleus was
stained in 3,3N-diaminobenzidine tertrahydrochloride and
developed for 30 min followed by counterstaining in hema-
toxylin staining solution for 1 min. The sections were then
briefly dried and mounted with resin mounting medium. The
tissue and cell sections were blocked with 5% goat serum at
room temperature for 30 min and then incubated with rabbit
anti-RBFOX1 (1:1,000; cat. no. ab254413; Abcam) over-
night at 4°C and goat anti-rabbit secondary antibody (1:100;
cat. no. GB21303; Wuhan Servicebio Technology Co., Ltd.)
labeled with sulfo-Cyanine3 dye at room temperature for
30 min; finally, the nuclei were counterstained using 2 yg/ml
4'6-diamidino-2-phenylindole at room temperature for 10 min.
A total of 10 fields of view were randomly selected from each
slice under an optical fluorescence microscope for evaluation
and analysis (Olympus Corporation; magnification, x200).
The percentage of damaged renal tubules was calculated in
accordance with the scoring criteria as follows: 0, no damage;
1,<25%; 2,25-49%; 3, 50-75%; 4,>75% (15). Semiquantitative
analysis of the positive staining area of apoptotic cells was
conducted using ImagelJ software (v1.8.0; National Institutes
of Health).

RNA extraction and sequencing. The kidney tissues were
ground into fine powder prior to RNA extraction. Total RNA
was extracted with TRIzol® (cat. no. 15596-026; Invitrogen;
Thermo Fisher Scientific, Inc.). The RNA was further purified
with two phenol-chloroform treatments and then treated with
RQ1 DNase (cat. no. M6101; Promega Corporation) to remove
DNA. The quality and quantity of the purified RNA were
redetermined by measuring the absorbance at 260 nm/280 nm
(A260/A280) using Smartspec Plus (Bio-Rad Laboratories,
Inc.). The integrity of RNA was further verified by
1.5%-agarose gel electrophoresis.

For each sample, 1 pug of the total RNA was used for
RNA sequencing (RNA-seq) library preparation by VAHTS
Stranded mRNA-seq Library Prep kit (cat. no. NR602; Vazyme
Biotech, Co., Ltd.). Polyadenylated mRNAs were purified and
fragmented and then converted into double strand cDNA. After
the step of end repair and a-tailing, the DNAs were ligated to
VAHTS RNA adapters (cat. no. NR803; Vazyme Biotech Co.,
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Ltd.). Purified ligation products corresponding to 200-500 bps
were digested with heat-labile uracil-DNA glycosylase (UDG)
and the single-strand cDNA was amplified, purified, quantified
and stored at -80°C prior to sequencing.

For high-throughput sequencing, the libraries were
prepared following the manufacturer's protocol and were
applied to Illumina HiSeq X Ten system for 150 nucleotides
(nt) paired-end sequencing by HiSeq X Ten Reagent kit v2.5
(cat. no. FC-501-2501; Illumina, Inc.) (GEO accession code:
GSE142138 (16); URL: https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE142138).

RNA-Seq raw data clean and alignment. Raw reads containing
more than 2-N bases were initially discarded. Then, adaptors
and low-quality bases were trimmed from raw sequencing
reads using FASTX-Toolkit (v0.0.13) (http://hannonlab.cshl.
edu/fastx_toolkit/). The short reads less than 16 nt were also
dropped. Subsequently, clean reads were aligned to the GRch38
genome by TopHat2, allowing four mismatches (17). Uniquely
mapped reads were used for gene read number counting and
fragments per kilobase of exon model per million mapped
fragment (FPKM) calculation (18).

Differentially expressed gene analysis. The R Bioconductor
package edgeR was utilized to screen out the differentially
expressed genes (DEGs) and common DEGs (co-DEGs) (19).
A false discovery rate (FDR) <0.05 and fold change >2 or
<0.5 were set as the cut-off criteria for identifying DEGs. The
intersections of upregulated and downregulated DEGs in AKI
tissues induced by cisplatin and IR were obtained for further
functional enrichment analysis.

AS analysis. The ASEs and regulated alternative splicing
events (RASEs) between the samples were defined and
quantified using the ABLas pipeline as previously described (20).
In summary, ABLas detection of 10 types of ASEs was based
on the splice junction reads, including exon skipping (ES),
alternative 5' splice site (A5SS), alternative 3' splice site (A3SS),
intron retention, mutually exclusive exons, mutually exclusive
5'UTRs, mutually exclusive 3'UTRs, cassette exon, A3SS&ES
and ASSS&ES.

To assess the dysregulation of ASEs, an unpaired
Student's t-test was performed to evaluate the significance of
the ratio alteration of AS events. Events, which were significant
at P-value cutoff corresponding to a false discovery rate cutoff
of 5%, were considered dysregulated ASEs. The overlapping
regulated alternative splicing genes (RASGs) induced by
cisplatin and IR were obtained using Venn diagram tool.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) validation of DEGs and ASEs. RT-qPCR was
performed for certain DEGs. The primer sequences are
presented in Table I. Total RNA remaining from RNA-seq
library preparation was used for RT-qPCR. RNA was reverse
transcribed into cDNA using an M-MLV reverse transcrip-
tase assay kit according to the manufacturer's protocol
(cat. no. R021-01; Vazyme Biotech Co., Ltd.). qPCR was
performed with the StepOne real-time PCR system using
the SYBR Green PCR Reagent kit (cat. no. 11143ES50;
Shanghai Yeasen Biotechnology Co., Ltd.). The thermocycling

Table I. Primers used for reverse transcription-quantitative PCR.

Gene Primer sequence (5'-3')

KIM-1 F: CCAGGCGCTGTGGATTCTTA

R: TGTACCGACTGCTCTTCTGATAGG
F: CAGAGCTACAATGTGCAAGTGGC
R: CAGCTCCTTGGTTCTTCCATACA

F: TCATTTAGAGCAAGTGGGTG

R: TCTGGGTTTGCAGATTGAGT

F: GCACACAGGGGCGGCT

R: GCATTCTCTACCCCTCCACCT

F: ATGTGCTGGTGCTTCATTCA

R: AGCCCGCACTGAGGTCTTTC

F: CCCCAATTTCCAATGCTCTCC

R: CGCACTAGGTTTGCCGAGTA

F: AGTCAGGAACTGGGTGGAGA

R: ACCAAGACCTACCTGGAGTG

F: CTGTGCTAGTAGAAGGGTGTTGT
R: ACGAGACCAGGAGAAACAGG

F: GATACGGCATTTGGTTGGTC

R: GGCTGGTTGCTATCCCTTACA

F: ACCCATTGATACATACTTGA

R: GTAAGGACGAACTTAACCAC

F: TAACCACGCCATGATCTAAG

R: GCAAAGTTTCCCACTCCTAA

M-F: TTCACCTGTCGCCTGATTGTGC
AS-F: CCTCTCAAGAACCTGATTGTGC
M/AS-R: GCCTGGGAAATGAAAGAACG
M/AS-F: TCAAGGCAGGGTAGTGGAGT
AS-R: AACCATCAGGAGCTCCAATCAG
M-R: CAGCTCACCGACCTCCAATCAG
M/AS-F: GGCAGAGCCAAACTACGGTG
AS-R: GACCCAGATAATCTCAGCGCTT
M-R: AGCACATTTTCACTCAGCGCTT
M-F: CTTTTTACTTCCTTTTTCTGTGC
AS-F: CAGTCCAGGCCTTTTTCTGTGC
M/AS-R: TCCAGTTCGGATGAGCAGTA
M/AS-F: AGCCTCTTCCAGTGGGCAGGGTCA
AS-R: TCTTTAATACCTGTGGGGGT
M-R: GCTTAGAAACCTGTGGGGGT
M/AS-F: GCTCACTTACTGGGTCTGCT
AS-R: AGCAATTCTGAACCTTATCT
M-R: GCAGTCAGCCAGAACCTTATCT
M/AS-F: TTTTGCTGGTCTCACTGTTG
AS-R: CTGGAAAACCAGCTGGTACCAC
M-R: GGAAAACCAGGTCTGGTACCAC
M-F: CTGTCCCTTGTCCCATCCAC
AS-R: ATATCTGACCTGTGCTGAGCCT
M/AS-R: CCAGTTCTTCAGTGCTGAGCCT
M/AS-F: TAACCATCGCTACTTCTTCTC
AS-R: GTTTCATTTTCTCAATGGCA
M-R: CTGGTGGTACGTCTCAATGGCA
F: GGAGATGCTCAGTGTTGG

R: TGACAATGAATACGGCTACA

NGAL
RBFOX1
CSF-1
IL-1B
IL-6
TLR2
CXCLI1
IL-34
CXCL10
LGALS3

IKBKB

CRK

ADK

PAK2

CSNK1A1

BCL2L1

SHF

FGF1

ZDHHC16

GAPDH

F, forward; R, reverse; M, model; AS, alternative splicing.
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conditions were as follows: Initial denaturation at 95°C for
10 min, 40 cycles of denaturation at 95°C for 15 sec and
annealing and extension at 60°C for 1 min. PCR amplifica-
tions were performed in triplicate for each sample. The RNA
expression levels of all the genes were normalized against
those of GAPDH using the 2444 method (21).

RT-qPCR assay was also performed for ASE validation. A
boundary-spanning primer was used for the sequence encom-
passing the junction of the constitutive exon and alternative
exon as well as an opposing primer in a constitutive exon to
detect alternative isoforms. The boundary-spanning primer
of alternative exon was designed according to ‘model exon’
to detect model splicing or ‘altered exon’ to detect altered
splicing (22).

Functional enrichment analysis. Gene Ontology (GO)
terms (23) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways (24) were identified using KOBAS 2.0
server (25) to sort out functional categories of DEGs.
Hypergeometric test and Benjamini-Hochberg false discovery
rate (FDR)-controlling procedure were used to define the
enrichment of each term.

Protein-protein interaction (PPI) network construction
and module analysis. The Search Tool for the Retrieval of
Interacting Genes (http://www.string-db.org) was used to
analyze the association between DEGs that are co-, up- or
downregulated by cisplatin and IR. The PPI network was
visualized and constructed using Cytoscape v3.8.2 (26).

Cell culture and hypoxia/reoxygenation (H/R) model
preparation. Human renal proximal tubular epithelial cells
(HK-2 cells) were obtained from Procell Life Science and
Technology Co., Ltd. The identification of the HK-2 cell lines
was conducted at the China Centre for Type Culture Collection.
The HK-2 cells were cultured in DMEM/F12 medium (Gibco;
Thermo Fisher Scientific, Inc.) containing 10% fetal bovine
serum in a humidified atmosphere of 95% O, and 5% CO,
at 37°C. The HK-2 cells were placed on pre-hypoxia-treated
glucose-free and serum-free medium and then cultured in a
three-gas incubator (1% O,, 4% CO, and 95% N,) at 37°C for
24 h (27). Finally, the cells were cultured in a normal medium
and then reoxygenated in a normal incubator for 1, 3 and
6 h (28).

Cell transfection experiment. The RBFOXI1 plasmid [pEnC
MV-RBFOX1(human)-3xFLAG-SV40-Neo] and the corre-
sponding vector control (pEnCM V-MCS-3xFLAG-SV40-Neo)
were obtained from Wuhan MiaoLing Biotechnology, Co.,
Ltd. (www.miaolingbio.com). HK-2 cells (1x10°) were seeded
in 6-well culture plates. After the cells reached 60-70% conflu-
ence, RBFOX1 plasmid or vector control (5 g) was mixed with
5 ul Lipofectamine® 2000 transfection reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) in serum-free medium to
prepare the transfection complex. The mixing system was
incubated at room temperature for 15 min and then uniformly
added to each group of cells at 37°C for 24 h. The transfected
cells were treated with normal fresh medium for 4-6 h and
then subjected to further experiments. The transfection effi-
ciency was determined using western blotting.

Flow cytometric analysis. Following digestion with trypsin,
the cells reached 70-80% confluence in 6-well culture plates
were centrifuged at 300 x g for 5 min at room temperature.
After washing with PBS, 100 ul of 1X binding buffer was
added to resuspend the cells. Then, 5 ul Annexin V-FITC
and 10 ul PI (BD Biosciences) staining solution were added.
The cells were incubated at room temperature for 20 min in
the dark. Finally, 400 ul of 1X binding buffer was added to
resuspend the cells in the solution. Flow cytometric detection
was completed within 1 h using CytoFLEX flow cytometer
(Beckman Coulter, Inc.). FlowJo software (version 10.8.0;
BD Biosciences) was used for flow cytometric data analysis.

ELISA. The levels of inflammatory factors in the cell super-
natant were measured by TNF-a, IL-6 and IL-1p ELISA kits
(cat. nos. BMS223-4, BMS213-2 and BMS224-2, respectively;
eBiosience; Thermo Fisher Scientific, Inc.) in accordance with
the manufacturer's protocol.

Measurement of reactive oxygen species (ROS) production.
The cells were collected and treated with diluted 10 gmol/l
DCFH-DA probe (Beyotime Institute of Biotechnology) and
then incubated at 37°C for 20 min. The difference in ROS
content in each group was determined by flow cytometry.

Measurement of the levels of superoxide dismutase (SOD) and
malondialdehyde (MDA) activity. Activities of SOD and MDA
were detected following the protocols of the manufacturers
of the corresponding kits (cat. nos. A0O01-3-2 and A003-1-2;
Nanjing Jiancheng Bioengineering Institute). Absorbance
values at wavelengths of 550 and 532 nm were measured using
a microplate reader to detect the activities of SOD and MDA
in the cells.

Western blot analysis. Total protein was extracted from the
kidney tissue or HK-2 cells using RIPA lysis buffer (BioSharp
LifeSciences,Inc.)and the proteinconcentration wasdetermined
using BCA Protein assay reagent (Thermo Fisher Scientific,
Inc.). The same amount of protein (15-30 ug) in each well was
subjected to 10-12% SDS-PAGE. The transfer polyvinylidene
difluoride (PVDF) (cat. no. IPVH00010; Millipore, Inc.)
membrane was blocked with 5% non-fat milk in Tris-buffered
saline containing 0.1% Tween-20 at room temperature for
1 h and then incubated with primary antibodies at 4°C over-
night: anti-RBFOX1 (1:1,000; cat. no. ab254413), anti-B-actin
(1:1,000; cat. no. ab8226; both from Abcam), anti-NF-«xB
(p65; 1:1,000; cat. no. AF5006), anti-phospho-NF-kB (p-p65;
1:1,000; cat. no. AF2006; both from Affinity Biosciences),
anti-NRF2 (1:1,000; cat. no. 16396-1-AP) and anti-HO-1
(1:1,000; cat. no. 10701-1-AP; all from ProteinTech Group,
Inc.). After washing thrice with Tris Buffered Saline with
Tween for 5 min each time, the membranes were incubated with
the horseradish peroxidase-conjugated goat anti-mouse IgG
(1:1,000; cat. no. ab205719) and goat anti-rabbit IgG (1:1,000;
cat. no. ab205718; both from Abcam) secondary antibodies at
room temperature for 1 h. Target bands were visualized using
enhanced chemiluminescent (ECL) kit (cat. no. BL523B;
Biosharp Life Sciences, Inc.). The ChemiDoc Imaging System
(Bio-Rad Laboratories, Inc.) was used to detect chemilumines-
cence blots. ImagelJ software (version 1.8.0; National Institutes
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Figure 1. Construction of mouse acute kidney injury model and genome-wide analysis of kidney tissue. (A and B) PAS and TUNEL staining of kidney
tissues. (C) Level of serum Cr. (D) Level of BUN. (E and F) mRNA expression of (E) KIM-1 and (F) NGAL in kidney tissue. (G) Principal component
analysis and (H) sample correlation analysis of kidney tissue samples in groups CIS, IR and control. (I) Heatmap of DEGs among CIS, IR and control groups.

ke

of Health) was used to semi-quantify protein expression with
[B-actin as the loading control.

Statistical analysis. Data are presented as the mean + SD from
three or more independent experiments. GraphPad Prism 7
(GraphPad Software, Inc.) was used for statistical analysis.
Continuous variables were analyzed using one-way ANOVA
and unpaired Student's t-test. Enumerated variables were
analyzed using chi-square and Fisher's exact tests. Bonferroni's
test was used for post hoc comparisons. All experiments were
independently repeated in triplicate. A two-sided P<0.05 was
considered to indicate a statistically significant difference.

Results

Construction and genome-wide profiling of AKI model
induced by cisplatin and IR. Mouse AKI models induced by

P<0.05 vs. Ctrl. CIS, cisplatin; IR, ischemia-reperfusion; DEGs, differentially expressed genes; Cr, creatinine; BUN, blood urea nitrogen.

cisplatin and IR were successfully constructed. It was revealed
thatcisplatin and IR caused the kidney tissue to become severely
damaged and increase in cell apoptosis (Fig. 1A and B). The
levels of Cr and BUN and the mRNA expression of KIM-1
and NGAL in kidney tissue were significantly increased,
indicating that cisplatin and IR caused serious damage to the
kidney function of mice compared with those in the controls
(Fig. IC-F).

The principal component analysis and sample correlation
analysis revealed that samples treated with cisplatin and IR
can be separated from control samples (Fig. 1G and H). The
hierarchical clustering heat map revealed that the gene expres-
sion profiles of the cisplatin group and the IR group were
evidently different from those of the control group (Fig. 11).

Co-DEGs in AKI induced by cisplatin and IR are involved
in the inflammatory response pathway. A total of 980
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Figure 2. GO and KEGG analyses of co-DEGs in acute kidney injury induced by CIS and IR. (A and B) Venn diagram revealing the number of co-upregulated
and co-downregulated DEGs. (C) GO analysis and (D) KEGG analysis revealed the most enriched top 10 terms and pathways of the co-upregulated DEGs.
(E) GO analysis and (F) KEGG analysis revealed the most enriched top 10 terms and pathways of the co-downregulated DEGs. GO, Gene Ontologys;
co-DEGs, common differentially expressed genes; CIS, cisplatin; IR, ischemia-reperfusion.

co-upregulated DEGs and 632 co-downregulated DEGs were
identified in AKI induced by cisplatin and IR (Fig. 2A and B).
The co-upregulated DEGs were mainly enriched in acute
immune and inflammatory response (Fig. 2C and D). The
co-downregulated DEGs were mainly related to cell metabo-
lism and functional damage (Fig. 2E and F).

The PPI network of co-upregulated DEGs revealed that
IL-6, TNF, MMP9, TLR2, IL-18, TIMP1, CCL2, CXCLI,
CXCLI10, CSF-1 and LGALS3 were among the top 40 hub
genes (Fig. S1). In addition, further RT-qPCR results revealed
that the inflammatory genes CSF-1, CXCL1, CXCLI10, IL-1p,
IL-34, IL-6 and TLR2 were upregulated in AKI induced
by cisplatin and IR (Fig. 3). These findings suggested that
the inflammation response pathway plays an important role
in the pathogenesis of AKI. In addition, the PPI network
of co-downregulated DEGs suggested multiple key genes
including RBFOX1 (Fig. S2).

Transcriptome analysis of AS in AKI induced by cisplatin
and IR. The heat map of the transcriptome analysis revealed
that the differentially expressed profile of RASGs induced by
cisplatin was evidently different from that of IR (Fig. 4A). The
types of RASEs were mainly concentrated in A3SS, ASSS,
ES and cassette exon events (Fig. 4B). The number of differ-
ences in RASGs between the cisplatin and IR groups was

markedly higher than the number of intersections (Fig. 4C).
Cisplatin-induced RASGs were highly enriched in phosphory-
lation and related cell signaling pathways (Fig. 4D-F) and
IR-induced RASGs were related to cell metabolism, apoptosis
and phosphorylation (Fig. 4G and H). These findings indicated
that DEGs regulated by AS may play an important role in AKI
through the phosphorylation and apoptosis pathways.

Examples and verification of ASEs in AKI induced by
cisplatin and IR. The specific structures and processes of the
A3SS, cassette exon and ASSS events were demonstrated and
the expression of nine mRNA splicing isoforms in cisplatin
and IR-induced AKI was verified by RNA-seq quantification
and RT-qPCR (Figs. 5 and 6). Specifically, cisplatin induced
upregulation of CSNK1A1, ADK, CRK, PAK?2 and IKBKB
genes, which underwent A3SS events and IR caused
upregulation of ZDHHCI6 (cassette exon), BCL2L1 (A5SS)
and FGF1 (A5SS) genes. RNA-seq showed that IR induced
the upregulation of SHF (A5SS) gene, but this finding was not
confirmed in subsequent RT-qPCR.

Expression profile of RBPs and in vivo validation of RBFOX1
in cisplatin and IR-induced AKI. As demonstrated in the heat
map, 49 RBP-related genes were found in co-DEGs induced by
cisplatin and IR (Fig. 7A). Among the upregulated genes, the
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fold change of LGALS3 was in the forefront, and the expres-
sion of LGALS3 was further validated by RT-qPCR (Fig. 7B).
Compared with the control group, the fold change of RBFOX1
was the highest among the downregulated RBP genes, whether
in the cisplatin group or the IR group (Fig. 7C). Subsequently,
this RBFOX1 trend was verified in vivo. The relative levels of
RBFOX1 in mRNA and protein were significantly downregu-
lated by cisplatin and IR (Figs. 7D and 8A). The cisplatin and
IR-induced downregulation of RBFOX1 occurred in the nuclei
of mouse renal tubular epithelial cells (Fig. 8B).

RBFOXI inhibits the expression of inflammatory cytokines
and the level of oxidative stress in HK-2 cells caused by H/R.
Consistent with the results of animal experiments, localiza-
tion analysis of the HK-2 cells revealed that H/R inhibited
the expression of RBFOXI1 in the nucleus (Fig. 8C). H/R
caused the downregulation of RBFOX1 in the HK-2 cells
in a time-dependent manner (Fig. 8D). The transfection
efficiency of RBFOX1 plasmid in untreated and H/R-treated
HK-2 cells was verified (Fig. 9A and B). Flow cytometric
analysis revealed that upregulation of RBFOX1 reduced
H/R-induced apoptosis in the HK-2 cells (Fig. 9C). In the
present study, the effects of RBFOXI1 on the inflammatory
response and oxidative stress caused by H/R in the HK-2 cells
were analyzed. Exogenous RBFOXI1 inhibited the expression
of the proinflammatory cytokines TNF-a, IL-6 and IL-1p
induced by H/R (Fig. 9D-F). In addition, transfection of the
RBFOX1 plasmid increased the resistance of the HK-2 cells
to H/R-induced oxidative stress as manifested by the rebound

in SOD activity and the decrease in MDA levels and ROS
production (Fig. 9G-1).

RBFOXI is capable of inhibiting NF-kB and activating the
NRF2/HO-1 signaling pathway in H/R-induced HK-2 cells.
In the present study, the effects of RBFOX1 on NF-«B and
the NRF2 signaling pathway in the HK-2 cells induced by
H/R were further analyzed. The results revealed that H/R acti-
vated the expression of NF-xB and inhibited the NRF2/HO-1
signaling pathway in the HK-2 cells. Furthermore, exogenous
RBFOXI1 inhibited NF-xB but activated the NRF2/HO-1
signaling pathway (Fig. 10). These results suggested that
RBFOXI1 may play a protective role against inflammation
and oxidative stress in H/R-induced HK-2 cells by inhibiting
NF-«B and activating the NRF2/HO-1 pathway.

Discussion

AKI is a high-incidence renal disease with systemic effects
and its pathogenesis is extremely complex and still not
fully understood. The genome-wide bioinformatics analysis
provides data basis for systematically revealing the underlying
molecular mechanism of AKI and its internal associations (29).
In the present study, the upregulated co-DEGs were mainly
enriched in immune and inflammatory pathways, including
hub genes CSF-1, CXCL1, CXCL10, IL-1p, IL-34, IL-6 and
TLR2. Importantly, the transcriptome analysis of AS and
RBPs in AKI was reported, to the best of our knowledge,
for the first time. Cisplatin-induced AS was enriched in
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the phosphorylation pathway, including DEGs CSNKI1Al,
PAK?2, CRK, ADK and IKBKB regulated by A3SS event.
IR-induced AS was enriched in the apoptosis and proliferation
pathways, including RASGs FGF1 (A5SS), BCL2L1 (A5SS)
and ZDHHC16 (cassette exon). Differentially expressed RBP
genes may be involved in the pathogenesis of AKI. LGALS3
was the top upregulated RBP gene, whereas RBFOX1 was the
top downregulated RBP gene. RBFOX1 was downregulated in
the mouse kidney tissues induced by cisplatin and IR and in
the HK-2 cells induced by H/R. Further experiments suggested

that exogenous RBFOX1 may play a protective role against
the inflammation and oxidative stress induced by H/R in the
HK-2 cells. This phenomenon may be related to the inhibition
of NF-kB and the activation of the NRF2/HO-1 signaling
pathway.

AKITis described as an inflammatory disease and inflamma-
tory factors are involved in its damage and repair process (30).
TLR2 was originally considered to be a proinflammatory
factor, but a recent study revealed that it can play a protective
role in AKI by activating autophagy (31). IL-34 and CSF-1
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share the same membrane receptor but have very different
functions. IL-34 mediates renal tubular damage by recruiting
macrophages in the acute phase of AKI and CSF-1 promotes
the repair process by inducing the polarization of M2 macro-
phages (32,33). IL-1p activated by inflammasomes promotes
extensive inflammation in various acute and chronic kidney
diseases, but the therapeutic effect of inhibiting IL-1f in AKI
remains to be determined (34). IL-6 and CXCLI1 can promote
inflammatory response by inducing neutrophil infiltration in
renal tissue and animal studies have shown that inhibition
of IL-6 or CXCLI1 has a protective effect in AKI (35,36).
Inflammatory factors are often used as biomarkers of AKI.
Various clinical data indicated that IL-6, CXCL1 and CXCL10
in serum and urine of patients have predictive value in the
early diagnosis and prognostic evaluation of AKI (37,38).

The splice isoforms of CSNK1A1, ADK, CRK, PAK?2
and IKBKB participate in the process of phosphorylation
modification after protein translation. CSNK1A1, PAK?2, and
IKBKB have serine/threonine protein kinase activity and play
an important role in intracellular signal transduction. Studies
have demonstrated that CSNK1A1 and PAK?2 phosphorylate
[-catenin at Serd45 and Ser675, respectively, thereby inhib-
iting the WNT signaling pathway (39,40). IKBKB regulates
the immune response by inducing IkB-a phosphorylation at
Ser32 and Ser36 through the classical activation pathway to
promote NF-kB signal transduction (41). Targeted silencing

of IKBKB can reduce IR-induced kidney inflammation (42).
ADK regulates intracellular adenosine levels through dephos-
phorylation to maintain energy homeostasis. Inhibition of
ADK appears to improve cisplatin-induced AKI (43). The
CRK adaptor protein is the main confluence point of the phos-
photyrosine kinase signaling pathway and plays a key role in
maintaining the morphology and function of glomerular podo-
cytes (44). The splice isoforms of ZDHHC16, BCL2L1 and
FGF1 are closely related to cell proliferation and apoptosis.
ZDHHCI16 participates in post-translational modification
through S-acylation and has anti-apoptotic properties that
promote cell proliferation and regulate DNA damage (45).
BCL-X(L) and BCL-X(S), as the splicing isoforms of BCL2L1
(BCL-X), play anti-apoptotic and pro-apoptotic effects,
respectively (46). The upregulation of BCL-X(L) in the early
stage of AKI indicates the existence of adaptive resistance
to apoptosis (47). FGF1 mediates a precise signal cascade
through autocrine/paracrine-dependent manners, participates
in the regulation of cell proliferation, energy homeostasis and
tissue repair and plays an anti-inflammatory effect in chronic
kidney disease (48).

The strict regulation of AS requires the recruitment of
RBPs. RBP can bind to pre-mRNA through a specific binding
domain and plays a key role in almost all aspects of post-
transcriptional regulation (49). The key RBP genes LGALS3
and RBFOX1 may play an important role in AKI. LGALS3
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is a biomarker of AKI, which can mediate inflammatory
damage by regulating the migration, proliferation and activa-
tion of renal inflammatory cells (50). RBFOX1 is a highly
versatile RBP composed of different splicing isomers, which
can regulate transcription and affect the stability of mRNA by
regulating the AS of target exons closely related to the binding
motif UGCAUG (51).

Inflammation and oxidative stress play an important role
in cisplatin and IR-induced AKI and studying their regu-
lated mechanisms is of great significance to the prevention
and treatment of AKI. Inhibiting NF-xB and activating the
NRF2/HO-1 signaling pathway are important approaches by

which protective genes exert anti-inflammatory and antioxida-
tive stress effects to reduce the severity of AKI (52). As an
important signal transduction factor in cells, NF-xB can initiate
transcriptional regulation through nuclear translocation after
being stimulated by external sources to promote the expres-
sion of key downstream inflammatory factors (53). The role
of NF-«B is regulated by various genes. For example, SIRT1
directly inhibits NF-kB signaling by deacetylating the p65
subunit of the NF-kB complex (54). NRF2 is a key transcrip-
tion factor of antioxidant response that induces the expression
of diverse genes driven by antioxidant response elements,
such as SOD and HO-1, through translocating to the nucleus
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Figure 10. RBFOXI1 affects the NF-xB and NRF2/HO-1 pathway in H/R-induced HK-2 cells. (A-D) Western blot analysis revealed that the transfection of
RBFOX1 plasmid inhibits the upregulation of p-p65 and the downregulation of NRF2/HO-1 induced by H/R. *P<0.05 vs. the control and “P<0.05 vs. the
H/R + vector NC. RBFOX1, RNA binding fox-1 homolog 1; H/R, hypoxia/reoxygenation; NC, negative control.

after deubiquitination (55). In addition to the classic KEAP1
activation, the function of NRF2 is affected by different genes.
p62 can chelate KEAPI into autophagosomes to prevent NRF2
degradation (56). It was identified that RBFOX1 is mainly
expressed in the nucleus. Interestingly, both NF-kB and NRF2
must regulate the transcription and expression of related genes
through nuclear translocation. It was hypothesized that their
role in the nucleus may be regulated by RBFOXI.

The present study has certain limitations. Although
both cisplatin and IR were used to establish an AKI model,
further increasing the amount of sequencing samples may
help in revealing more possible mechanisms involved in the
pathogenesis of AKI. Transcriptome sequencing and bioin-
formatics tools revealed the differential expression patterns
of AS and RBP genes in AKI. Further molecular mechanism
studies will help to link the changes in the expression of AS
and RBP genes with the dysfunction caused by AKI. In the
present study, the RBP gene RBFOX1, as an AS regulator, was
observed to affect the expression of NF-xB and NRF2, but
the specific mechanism of this effect remains unknown. Our
future research involves the use of in vivo delivery experiments
to further determine the regulatory mechanism of RBFOXI.

In the present study, the inflammatory response, AS, and
RBPs in cisplatin and IR-induced AKI models were analyzed
via whole transcriptome sequencing. Several hub genes, such
as CSF-1, CXCL1, CXCLI10, IL-1p, IL-34, IL-6 and TLR2,

were found to be mainly enriched in the immune inflamma-
tory response and related signaling pathways. The role of
AS events of the CSNK1A1, PAK2, CRK, ADK, IKBKB,
ZDHHCI16, BCL2L1 and FGF1 genes in the pathogenesis of
AKI induced by cisplatin and IR warrants further investiga-
tion. As splicing regulators, the RBP genes, such as LGALS3
and RBFOX1, were found to be differentially expressed in the
cisplatin and IR-induced AKI. RBFOX1 was downregulated
in AKI and it was observed to inhibit the damage caused by
inflammation and oxidative stress by affecting NF-«B and the
NRF2/HO-1 signaling pathway. These findings provided a new
perspective on the mechanisms of AKI. Future studies should
further elucidate the mechanistic aspects of dysregulated AS
in various diseases, such as intervention in the RBP genes,
as this information will provide the theoretical basis for the
development of novel classes of drug splicing-modifying
therapeutics.
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