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Background: We established a diquat-induced human kidney-2 cells (HK-2 cells) apoptosis model in this study to identify
differentially expressed microRNAs (miRNAs) and signaling pathways involved in diquat poisoning via gene sequencing and
bioinformatics analysis and explored the related therapeutic benefits.

Methods: The effects of diquat on the viability and apoptosis of HK-2 cells were explored using the CCK-8 and Annexin V-FITC/PI
double staining methods. Total RNAs were extracted using the TRizol method and detected by Illumina HiSeq 2500. Bioinformatics
analysis was performed to explore differentially expressed (DE) miRNAs, their enriched biological processes, pathways, and potential
target genes. The RT-qPCR method was used to verify the reliability of the results.

Results: Diquat led to HK-2 cell injury and apoptosis played an important role, hence an HK-2 cell apoptosis model in diquat
poisoning was established. Thirty-six DE miRNAs were screened in diquat-treated HK-2 cells. The enriched biological process terms
were mainly cell growth, regulation of apoptotic signaling pathway, extrinsic apoptotic signaling pathway, and Ras protein signal
transduction. The enriched cellular components were mainly cell-cell junction, cell-substrate junction, ubiquitin ligase complex, and
protein kinase complex. The enriched molecular functions were mainly Ras GTPase binding, ubiquitin-like protein transferase activity,
DNA-binding transcription factor binding, ubiquitin-protein transferase activity, nucleoside-triphosphatase regulator activity, transcrip-
tion coactivator activity, and ubiquitin-like protein ligase binding. Signaling pathways such as MAPK, FoxO, Ras, PIK3-Akt, and Wnt
were also enriched.

Conclusion: These findings aid in understanding the mechanisms of diquat poisoning and the related pathways, where DE miRNAs
serve as targets for gene therapy.
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Background

Diquat, whose chemical name is 1,1’-ethyl-2,2’-bipyridiniumion, is a non-selective contact herbicide and desiccant,
commonly used in agriculture to control terrestrial and aquatic vegetation.'” More than 20 countries or regions have
banned or severely restricted the use of paraquat in recent years.>* Diquat is sold extensively in the herbicide market as
a replacement for paraquat. As a result, the number of clinical instances of diquat poisoning has steadily climbed over the
past few years. Patients with diquat poisoning have a greater fatality rate because there are no antidotes available. Thus,
diquat poisoning remains a major clinical concern.

Kidneys are the most afflicted organs in patients with diquat poisoning, with the proximal renal tubule experiencing
the most severe impact and damage.' Diquat can be absorbed into the organism by the gastrointestinal tract, skin, and
other routes, and the kidney is the primary excretory pathway for this substance.>® Severe diquat poisoning results in
multiple organ dysfunction syndromes (MODS), mainly related to the heart, liver, and kidneys, which are associated with
high mortality within several hours to a few days."”"'° Patients with diquat poisoning complicated with acute renal injury
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have an abysmal prognosis and an increased risk of death, manifesting oliguria, anuria, proteinuria, hematuria, pyuria,
azotemia, and acute renal failure."° In addition, researchers discovered that kidney damage produced by diquat poisoning
significantly harmed the renal proximal tubule.*'" Thus, research continues into the prevention and treatment of acute
renal damage caused by diquat.

Diquat causes cells to produce active substances such as reactive oxygen species (ROS) and reactive nitrogen species
(RNS) that can initiate cell apoptosis.” The occurrence of apoptosis may be related to activation of nuclear factor kappa-
B (NF-xB), damage to mitochondria and DNA, activation of tumor protein p53 (p53), and other factors.'>”!° The process
of apoptosis is particularly complex and involved in the regulation of multiple signaling pathways.'®'” Many factors
regulate signaling pathways, and microRNAs (miRNAs) is one of the most common ones. miRNA is a revolutionary,
highly conserved non-coding single-stranded small RNA with 18 to 25 nucleotides.'®2® The vital role of miRNAs in
intoxication mechanisms, including bipyridine, diquat, and paraquat poisoning has been well acknowledged.”' >
However, there is currently insufficient research on diquat-induced miRNA changes in cells or organisms. HK-2 cells
have been proven to be a powerful tool to study renal proximal tubule cell apoptosis and injury®* and were selected to
meet the needs and intentions of our study.

Materials and Methods

Reagents and Antibodies

HK-2 cells were derived from Guangzhou Cellcook Biotech Co., Ltd. Diquat was obtained from Sigma-Aldrich Co., Ltd. In
addition, phosphate-buffered saline (PBS), fetal bovine serum (FBS), and Dulbecco’s modified eagle medium: nutrient mixture
F-12 (DMEM/F12) were purchased from Corning, Inc. Annexin V- FITC Apoptosis Detection Kit and Cell Counting Kit-8
(CCK-8) were from Dojindo Molecular Technologies, Inc. TRIzol™ Reagent was manufactured by Invitrogen. Taq DNA
Polymerase and miRNA first-strand cDNA synthesis were provided by Nanjing Vazyme Biotech Co., Ltd. miRNA primers were
synthesized by Sangon Biotech Co., Ltd. Primer U6 was purchased from Genepharma Co., Ltd.

Cell Culture

HK-2 cells were cultured in DMEM/F12 medium with 10% FBS, seeded onto poly-1-lysine-coated plates, and grown at
37 °C in a humidified 5% CO, atmosphere, in a cell incubator. Cells used for cell viability assays were grown in 96-well
plates, whereas those used for cell apoptosis, microarray, and RT-qPCR were grown in 6-well plates. The cell density was
5x10* cells per well for 96-well plates, and 1x10° cells per well for 6-well plates, and they were allowed to attach
overnight. The medium was changed daily, and cell subculture was performed at 70-80% of the intersection.

Cell Viability Assay

A CCK-8 assay was conducted to determine cell viability. The cells were evenly seeded into a 96-well plate at a density
of 5x10* cells and 90 pL per well overnight. DMEM/F12, PBS and diquat were used to prepare 200, 400, 600, 800, 1000,
and 1200 pmol/L of diquat mixed solution. Then, the diquat preparations were added to a 96-well plate with 10 pL per
well for 24 h, and the same amount of PBS was added to the control (CTRL) group. After diquat treatment, 10 uLL. CCK-8
solution was added to every well for 3 h. An enzyme-labelling instrument measured absorbance at 450 nm.

Cell Apoptosis Assay

The cells were seeded into 6-well culture dishes at a density of 1x10° cells per well. The culture media were changed overnight
with 3 mL of diquat preparations whose concentrations were 40, 80, and 120 umol/L and cultured for 24 h, with the same
amount of PBS added to the CTRL group. Cells in every well were digested with EDTA-free trypsin and centrifuged, to collect
cells. The cells were washed twice with pre-chilled PBS and once with pre-cold 1xbuffer. The cells were later resuspended
with 100 pL of 1xbuffer and 5 pL. of Annexin V, as well as 5 pLL of PI were added per group for 15 min. Subsequently, every
group received 400 puL of 1xbuffer and cells were observed using BD FACSAria™ Fusion within 1 h.
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RNA Extraction

RNA was extracted with the TRIzol reagent according to the manufacturer’s instructions. The experimental groups were

treated with 80 pmol/L of diquat, and the CTRL groups were treated with the same amount of PBS and then cultured for
24 h. After discarding the culture medium, 1 mL of Trizol was added for 8 min at room temperature. Subsequently, they
were transferred into the RNAse-free EP tube. Next, 200 puL of chloroform were added to the tubes, shaken vigorously
for 10s, incubated at room temperature for 2 min, and centrifuged at 12,000 g for 15 min at 4 °C. The water phase was
then done in a new EP tube that contained 600 pL isopropanol upside down, mixed well, and incubated at room
temperature for 10 min before centrifuging at 12,000 g for 10 min at 4 °C. The supernatant fluid was discarded, 1 mL of
75% ethanol was added, washed once, and centrifuged at 7500 g for 5 min at 4 °C. After aspirating the supernatant fluid,
samples were dried at room temperature for 10 min and dissolved in DEPC water. The quality of RNA was determined
and stored at —80 °C. Total RNA was extracted from three independent experiments.

miRNA Library Construction and Sequencing

The RNA sequencing was performed by Guangzhou Rubio Biotechnology Co., Ltd. The concentration and quality of
RNA was measured using an Agilent Bioanalyzer 2100, and RIN > 7.0 indicated good quality for RNA sequencing.
Small purified RNAs were ligated with 3’ and 5° adapters. Reverse transcription followed by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) was used to synthesize cDNA. Purified cDNA library products with
a size of ~50 base pairs (bp) were subjected to single-end sequencing on an Illumina HiSeq 2500 System. More than
10 million reads (raw data) were generated for each RNA library. We compared raw sequencing data with databases
miRbase version 22, Rfam 12.1, and Pirnabank, and then the known ncRNAs were annotated. The clean reads used
miRDeep2 software to compare all miRNA mature body sequences of this species in the miRbase. The v22 database was
used to obtain the miRNA structure, length, expression, and other pertinent information.

RT-qPCR

Based on the miRNA expression profiles, six of the most apparent changes in miRNAs were chosen for further verification.
Reverse transcription reaction conditions were 25 °C for 5 min, 50 °C for 15 min, and 85 °C for 5 min. For pre-
denaturation, the PCR program was set at 95 °C for 5 min. For the cycling reaction, 95 °C for 10 sec and 60 °C for 30 sec
for 40 cycles were set, and for melt curves, 15 sec at 95 °C, 60 sec at 60 °C, and 15 sec were set at 95 °C. Primer sequences
for the six miRNAs used for reverse transcription and PCR are listed in Table 1 and Table 2. In addition, U6 was chosen for
miRNA normalization. All the above experiments were conducted according to the manufacturer’s instructions.

Table | Primer Sequence for Real-Time PCR

ID Primer Sequence (from 5’ to 3’)

has-miR-1255b-5p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACCAC
has-miR-1255b-5p F CGCGGCGATGAGCAAAGAAA

has-miR-1910-3p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGTCAT
has-miR-1910-3p F GCGGAGGCAGAAGCAGG

has-miR-1972 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGAGCC
has-miR-1972 F CGTCAGGCCAGGCACAGT

has-miR-2276-3p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCTCGC
has-miR-2276-3p F CGCGTCTGCAAGTGTCAGAG

has-miR-4443 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAACC
has-miR-4443 F CATAGCGCTTGGAGGCGTG

has-miR-598-5p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCTCAC
has-miR-598-5p F GCGGTGATCCCGATGGT

R AGTGCAGGGTCCGAGGTATT

U6 F CGCTTCGGCAGCACATATAC

U6 R TTCACGAATTTGCGTGTCATC
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Table 2 Differentially Expressed miRNAs

Change miRNA log2 p-value Change miRNA log2 p-value

Up hsa-miR-548z 5.63 0.0052 Down hsa-miR-26a-1-3p —-1.09 0.0198
hsa-miR-548h-3p 5.63 0.0052 hsa-miR-6783-3p =111 0.0494
hsa-miR-1538 5.62 0.0074 hsa-miR-155-3p -1.23 0.0348
hsa-miR-5699-3p 5.28 0.0090 hsa-miR-548d-3p -1.60 0.0368
hsa-miR-6884-5p 5.22 0.0199 hsa-miR-199b-5p -1.70 0.0224
hsa-miR-4449 5.18 0.0269 hsa-miR-6514-5p -1.83 0.0390
hsa-miR-6815-5p 5.11 0.0181 hsa-miR-1292-3p —-1.84 0.0221
hsa-miR-3175 5.05 0.0165 hsa-miR-766-5p —1.88 0.0159
hsa-miR-4443 3.00 0.0002 hsa-miR-1972 —2.04 0.0042
hsa-miR-656-3p 2.73 0.0007 hsa-miR-598-5p —2.28 0.0009
hsa-miR-4485-3p 2.35 0.0000 hsa-miR-2276-3p -2.32 0.0015
hsa-miR-29a-5p 1.86 0.0375 hsa-miR-3121-3p —4.68 0.0398
hsa-miR-195-5p 1.74 0.0073 hsa-miR-6726-3p —4.68 0.0395
hsa-miR-651 la-5p 1.67 0.0005 hsa-miR-6806-3p -5.02 0.0289
hsa-miR-4508 1.27 0.0414 hsa-miR-6852-5p =5.13 0.0174
hsa-miR-1255b-5p .16 0.0018 hsa-miR-377-5p -5.17 0.0207
hsa-miR-9898 1.02 0.0336 hsa-miR-4456 —5.57 0.0467
hsa-miR-7704 1.02 0.0000 hsa-miR-1910-3p —-5.62 0.0002

Enrichment Analyses
We predicted downstream target genes of miRNA through four online analysis platforms, TargetScan (http:/www.
targetscan.org/vert 72/), miRDB (http://mirdb.org/), miRTarBase (https://mirtarbase.cuhk.edu.cn/), and miRWalk (https://

mirwalk.umm.uni-heidelberg.de). The prediction results of the miRTarBase or the miRDB, miRWalk, and TargetScan

software at the same time were considered as candidate target genes of miRNA. When the two software did not predict the
candidate target genes, prediction results of a single database were selected. The functional classification and significant

pathways of the differentially expressed miRNA parent genes were performed by Gene Ontology (www.geneontology.org)

and Kyoto Encyclopedia of Genes and Genomes (KEGG) database (www.genome.jp/kegg). The analysis results were

visualized using the ImageGP (http://www.chbio.com/ImageGP/index.php/) platform.

miRMA-mRNA Network Analysis

Co-expression networks were constructed using Cytoscape v3.6.1 to intuitively describe pathways and GO analysis
results. The screening had to meet with perfect seed-matched sequences between miRNAs and target genes in
TargetScan, and a target score > 80 in miRDB. Based on the above prediction results of target genes, a sample diagram
of the regulatory network was drawn.

Statistical Analysis

miRNAs with similar expression patterns were clustered using a hierarchical clustering analysis. Differentially expressed
miRNAs between samples were selected through two levels of difference factors (|log2(FoldChange)|>1) and significance
level (P value<0.05). Data for CCK-8, flow cytometry, and qRT-PCR were expressed as the mean + SD of three or more
independent experiments. We used GraphPad Prism 9.0 and SPSS 25.0 software for statistical analysis. Statistical
methods such as one-way ANOVA, post-hoc Tukey’s test, and paired ¢-test were used for experimental data analysis.
Statistical significance was defined as a P value < 0.05.
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Results
Diquat Was Cytotoxic to HK-2 Cells

Diquat administration significantly decreased cell viability in the presence of 20-120 pmol/L diquat in a concentration-
dependent manner (Figure 1A). Compared to the CTRL group, diquat treatment with 40—120 pumol/L. had a more
dramatic effect on HK-2 cells (P < 0.001). When HK-2 cells were treated with 20 pmol/L diquat, the cell viability was
also significantly decreased, but the reduction was lower than that in the high-concentration groups (P < 0.05). Moreover,
cell viability with diquat at 80 umol/L was decreased by about 50%, approximating the median inhibitory concentration.

Diquat-Induced HK-2 Cell Apoptosis

We successfully detected the apoptosis rate of HK-2 cells treated with different concentrations of diquat (Figure 1B and
C) and noticed that this rate increased in a concentration-dependent manner at 24 h. The apoptosis rate of diquat groups
at 80 umol/L and 120 pmol/L significantly increased compared with that in the CTRL groups, while in the 40 umol/L
groups, the rates varied but were not considered statistically significant (P < 0.05). Among them, the apoptosis rate at the
half-lethal dose (LD50) was 25.89%. Therefore, it was concluded that cell apoptosis was one of the critical reasons for
the decline of cell viability.

Summary of miRNA-Seq Data

Small RNA expression profiles were obtained in HK-2 cells treated with PBS or diquat with a concentration of 80 pmol/
L based on the results presented above. A considerable number of small RNAs were identified, and 6,973,030 and
6,942,597 were generated in the CTRL and diquat groups, respectively. Moreover, 76.24% and 73.77% of the total tags
in CTRL and diquat groups were retained as clean tags after removing the low-quality tags, contaminants, and ligation
products. The length distribution of small RNAs indicates that the size of most small RNAs is 22 nt, which means that
miRNA sequences were highly enriched in the library. In all, 754 and 744 miRNAs were identified in the databases
mentioned as known miRNAs in the CTRL and diquat groups, respectively, and the remaining unannotated miRNAs
were classified as novel miRNAs.

miRNA Profile Analysis

The Pearson correlation coefficient (r) indicated that the correlation between samples was exceptionally high, ranging
between 0.992 and 1.000 (Figure 2A). A Venn diagram was constructed using clean data between the CTRL and diquat
groups, and 17% of miRNAs showed common differential expression (DE) (Figure 2B). Principal component analysis
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Figure | HK-2 cell cytotoxicity and apoptosis induced by diquat.

Notes: (A) Cell viability. HK-2 cells were cultured in a cell medium with diquat (0, 20, 40, 60, 80, 100, and 120 pumol/L) for 24 h, and cell viability was measured by CCK-8
assay. (B and C) Cell apoptosis rate. HK-2 cells were cultured in a cell medium with diquat (0, 40, 80, and 120 umol/L) for 24 h. Flow cytometry was used to detect the
apoptosis rate of HK-2 cells by double staining of Annexin V and PI. Data is presented as mean * SD of three or more independent experiments, *P<0.05 and **P<0.00| with
respect to the CTRL group, and P<0.05 with respect to the diquat group, indicating statistical significance by one-way ANOVA and post-hoc Tukey's test.
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Figure 2 Inter-sample correlation, principal components, and public and unique sequence analysis.
Notes: (A) Correlation coefficient plot between samples. (B) The plot of the ratio analysis of shared and unique sequences between samples. (C) A principal component
analysis algorithm used to analyze the samples.

(PCA) of the log2 gene expression data showed that the diquat group differed from the CTRL group (Figure 2C). Thirty-
six DE miRNAs in the diquat group, including 18 up-regulated and 18 down-regulated ones were comparable with the
CTRL group (Table 2). After clustering the columns (samples) and rows (miRNAs), the heat map displayed the
clustering results of samples and miRNAs in a single graph (Figure 3A—C). The intensity of changes in miRNA
expression was indicated in different colors. These DE miRNAs clearly distinguished the CTRL group from the diquat

group.

Verification of Transcriptomic Analysis with qRT-PCR

The expression levels of six candidate miRNAs selected randomly from the library were determined with gqRT-PCR to
validate the results. The expression of hsa-miR-1910-3p, hsa-miR-1972, and hsa-miR-598-5p in the diquat group
decreased more than in the CTRL group, and the expression of hsa-miR-1255b-5p and hsa-miR-4443 in the diquat
group increased considerably (Figure 3D) (P <0.05). The results of the qRT-PCR experiments showed that the expression
levels of these miRNAs were almost identical to those indicated by the miRNA-seq data.

GO and KEGG Pathway Analysis

The DE miRNAs were further investigated, and the 16,759 of their target genes were predicted. To further analyze their
functions, GO and KEGG pathways were subsequently implemented. The analyses revealed that there were 6445
biological processes (BP), 760 cellular components (CC), and 1188 molecular functions (MF). Furthermore, the enriched
BP terms were mainly cell morphogenesis regulation, regulation of GTPase activity, cell growth, histone modification,
Ras protein signal transduction, regulation of apoptotic signaling pathway, activation of protein kinase activity, protein
autophosphorylation, extrinsic apoptotic signaling pathway, and regulation of extrinsic apoptotic signaling pathway
(Figure 4A). The enriched CC terms were nuclear envelope, transcription factor complex, cell-cell junction, cell-
substrate junction, transport vesicle, nuclear membrane, ubiquitin ligase complex, and protein kinase complex
(Figure 4B). The enriched MF terms were mainly DNA-binding transcription activator activity, RNA polymerase II-
specific, protein serine/threonine kinase activity, Ras GTPase binding, ubiquitin-like protein transferase activity, DNA-
binding transcription factor binding, ubiquitin-protein transferase activity, nucleoside-triphosphatase regulator activity,
transcription coactivator activity, and ubiquitin-like protein ligase binding (Figure 4C). In addition, the enriched KEGG
pathways included the mitogen-activated protein kinase (MAPK) signaling pathway, forkhead box O (FoxO) signaling
pathway, Ras signaling pathway, phosphatidylinositide 3-kinases (PI3K)- protein kinase B (Akt) signaling pathway,
Wingless / Integrated (Wnt) signaling pathway, and apoptosis-multiple species (Figure 4D).
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miRNA-mRNA Network Analysis
It has been previously identified that the gene expression, post-transcriptionally regulated by miRNAs is widely
distributed (Figure 5). As shown in Figure 5, genes, including caspase-8 (CASP8), CASP10, CASP3, CASP7, P53,
Fas cell surface death receptor (FAS), tumor necrosis factor (TNF), B-cell lymphoma-2 (BCL-2), BCL2-associated

Journal of Inflammation Research 2023:16

https://doi.org/10.2147/JIR.S427004

4959

DovePress


https://www.dovepress.com
https://www.dovepress.com

Chen et al

Dove

A regulation of cell morphogenesis D
regulation of GTPase activity o
covalent chromatin modification Count PI3K-Akt signaling pathway
cell growth MAPK signalin hw
o sgnaing pathvay L
Ras protein signal transduction @ 200 Endocytosis
positive regulation of catabolic process @ 250 Ras signaling pathway
T cell activation L @ 30 i i s
positive regulation of cell adhesion Calcium signaling pathway
regulation of apoptotic signaling pathway negLog10_Qualue Rap1 signaling palhway
activation of protein kinase activity 18 .
negative regulation of cell development Axon guidance
cellular response to external stimulus 15 Wt signaling pathway
canonical Wt signaling pathway - ’ B
stress-activated protin kinase signaiing cascade Hippo signaling pathway
9 " " . :
stress-activaled MAPK cascade L4 Signaling pathways regulating pluripotency of stem cells
protein autophosphorylation - . .
extrinsic apoptotic signaling pathway mTOR signaling pathway
regulation of extrinsic apoptotic signaling pathway FoxO signaling pathway
0.02 0.03 0.04
GeneRatio Cellular senescence negLog10_Qualue
B presynapse Insulin signaling pathway H~i 10
endosome membrane Autonhagy  atimal T
nuclear envelope negLog10_Qualue utophagy - animal
transcription factor complex Insulin resistance 8
cell-cell junction 15.0 ; '
glutamatergic synapse 125 AMPK signaling pathway 6
cel-autisitais Jiricion 100 Parathyroid hormone synthesis, secretion and action
nuctear speck 15 e 4
focal adhesion [ TNF signaling pathway
ransport vesice ianali d
R SRR T cell receptor signaling pathway - 2
early endosome Count Cell cycle
Golgi subcompartment * 80 . . .
nucear membrane ® ® 0 Leukocyte transgndothelugl migration Count
cosled veaicls ® 0 Phosphatidylinositol signaling system
ubiquitin igase complex )
basolateral plasma membrane ® 20 Aldosterone synthesis and secretion ® 50
cytoplasmic side of membrane @ 240 P
RNA potymerase Il ranscription factor complex| @ ErbB signaling pathway @ 100
protein kinase complex Endocrine resistance
o5 0B o6 o3 0B oo NF-kappa B signaling pahway ° @ =
(C  DNA-binding transcription activator activity, RNA polymerase C-type lectin receptor signaling pathway | . 200
- .
proten serineftweonine kinase actvty Inflammatory mediator regulation of TRP channels
small GTPase binding (Count mRNA surveillance pathway
Ras GTPase binding . 50 . )
. TGF-beta signaling pathway
DNA-binding transcription factor binding 5 EGFR tyrosine kinase inhibitor resistance
ubiquitin-protein transferase activity O [ .
phosphoric ester hydrolase activity @ 200 Longevity regulating pathway
nucleoside-triphosphatase regulator activity @ 0 IL-17 signaling pathway [ )
transcription coactivator activity Adherens junction
GTPase regulator activity Juncti
ubiquitin-fike protein ligase binding ° “eQL?zQ’O-Q"a'”e Inositol phosphate metabolism
RNA 1l seqy P D g 2 .
tr t factor bindi
ubiquin protei ligase binding 0 ‘ p53 ngnallng pathvyay
GTPase activator activity Endocrine and other factor-regulated calcium reabsorption
transcription corepressor activity 8 Type “ diabeles me”nus
histone deacetylase binding 6 ) . .
transmembrane receptor protein kinase activity [ | Apoptosis - multiple species 7 ¢
beta-catenin binding - - 5 p 7
transmembrane receptor protein tyrosine kinase activity { 0 01 002 003 004 005
001 002 003 GeneRatio
GeneRatio

Figure 4 Results of GO and KEGG analyses visualized by imageGP platform.
Notes: (A-C) Enrichment plot of GO analysis. (D) Pathway analysis enrichment plot for KEGG. Q-value < 0.05.

X (BAX), ubiquitin protein ligase E3A (UBE3A), ubiquitin-conjugating enzyme E2 Z (UBE2Z), ubiquitin-conjugating
enzyme E2 K (UBE2K), ubiquitin-conjugating enzyme E2 D3 (EBE2D3), ubiquitin-conjugating Enzyme E2 D1
(UBE2D1), and ubiquitin-conjugating Enzyme E2 K (UBE2K) were targeted by these DE MiRNAs. A miRNA can
recognize multiple target genes at the same time, and multiple miRNAs can also regulate a gene.

Discussion

Diquat has been reported to be toxic to humans and animals and the damage caused by its toxic effects can be roughly
classified into the following two types:'**> First, diquat produces direct contact burns in humans and animals, resulting
in tissue necrosis, mucosal erosion, or hemorrhage.'**” Secondly, it also activates a reduction-oxidative process that
generates ROS and RNS in cells, leading to oxidative stress, which in turn leads to cellular dysfunction.'° It was
previously found that diquat-induced superoxide damages mitochondria and endoplasmic reticulum, initiates autophagy,
and induces apoptosis.'*?® In this study, we found that diquat reduced the viability of HK-2 cells, and that apoptosis is
triggered by HK-2 cell damage.

In this study, 18 miRNAs species, including hsa-miR-1910-3p, hsa-miR-1972, and hsa-miR-598-5p, were down-
regulated, while18 miRNAs species, including hsa-miR-1255b-5p and hsa-miR-4443, were upregulated. Existing studies
have found that miRNAs play a significant role in various biological processes, including cell apoptosis.”*
Furthermore, miRNAs have diagnostic and therapeutic value in many fields, such as tumor suppression, inflammation,
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and poisoning.*>*' For example, in prostate cancer cells, miR-1972 targeted the miRNAs LIM and SH3 protein 1
(LASP1) and negatively regulated its expression, while upregulating miR-1972 inhibited cell proliferation, migration,
invasion, and tumor formation and enhanced apoptosis.** In stroke-induced immunodeficiency syndrome, the increased
expression of miR-4443 induced monocyte dysfunction by targeting tumor necrosis factor receptor-associated factor 4
(TRAF4), which may function as a crucial mediator, but in Graves’ disease, this process induces CD4+ T cell
dysfunction by targeting TRAF4.%-** Besides, in mammary epithelial cells during breast cancer, miR-1910-3p promotes
proliferation and migration, inhibits apoptosis, and induces autophagy.”’ Therefore, it is reasonable to believe that these
DE miRNAs are vital in HK-2 cell apoptosis induced by diquat.

Further analysis revealed that these GO terms and KEGG pathways were not specific to nephrocytes, indicating that
the toxicity of diquat can affect cells of multiple organs. The analysis also revealed that the HK-2 cell apoptosis induced
by diquat was mainly mediated through the exogenous apoptosis signaling pathway. Previous studies proved that
exogenous apoptosis signaling pathways were triggered by ligand binding to transmembrane receptors, such as tumor
necrosis factor receptor 1 (TNFR1) and Fas receptor (FasR).*>*® CASP8 and CASP10 were verified to initiate death
receptor-mediated exogenous apoptosis.”’~® Three signaling pathways, namely, FAS, TNFR1, and TRAIL, are currently
the main exogenous death receptor pathways, among which the FAS-mediated apoptosis conduction pathway is the most
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classical.*>***° FAS binds to the death ligand to recruit pro-CASP8 and form a death-induced signaling complex (DISC),
and pro-CASP8 in DISC self-cleaves into active CASP8.*' As an initiator caspase, CASP8 is able to activate the
downstream caspase family members of the entire cell apoptosis transduction pathway.*> The DE miRNAs in this study
can target CASP8 and CASP10 that are at the beginning of the apoptosis conduction pathway, and activate the
downstream CASPs, like CASP3 and CASP7.*'* Both the primed CASP8 and CASP10, and CASP7 and CASP3
were the candidate target genes for the differentially expressed RNAs identified in this study—hsa-miR-6884-5p, hsa-
miR-1972, and hsa-miR-377-5p targeted CASPS8, hsa-miR-26a-1-3p targeted CASP10, and hsa-miR-6806-3p targeted
CASP3. Therefore, FAS and CASP play an important role in HK-2 cell apoptosis induced by diquat, mainly through the
exogenous apoptosis signaling pathway. Besides, the role of the Bcl-2 and TNF family in apoptosis has been known for
some time.*>** In this study, we found that multiple DE miRNAs could modulate the expression of Bcl-2, BAK1, and
TNF, including hsa-miR-195-5p, hsa-miR-4443, and hsa-miR-3121-3p.

Ubiquitination is a kind of protein modification, and we found that molecular functions such as ubiquitin-like protein
transferase activity, ubiquitin protein transferase activity, ubiquitin-like protein ligase binding, and ubiquitin-protein
ligase binding are enriched. This suggests that the ubiquitination modification of proteins may play an important role
when diquat induces apoptosis in HK-2 cells. The major ubiquitin molecules include UBE2D1, UBE2D3, UBEZ2I,
UBE2K, UBE2Z, and UBE3A. Ubiquitination refers to the process in which ubiquitin covalently binds to target proteins
when catalyzed by a series of enzymes, basically three enzymes that cooperate during the ubiquitination cascade: El
ubiquitin activator, E2 ubiquitin-conjugated enzyme, and E3 ubiquitin ligase.*> Existing studies show that ubiquitination
can affect the localization, metabolism, function, regulation, and degradation of proteins and participate in the regulation
of almost all life activities, such as cell cycle, proliferation, apoptosis, differentiation, metastasis, gene expression,
transcription regulation, signaling, damage repair, and inflammatory immunity.*®*” As per this study, it is evident that
when diquat induces apoptosis in HK-2 cells, multiple miRNAs function by targeting the expression of genes involved in
the ubiquitination modification. Several miRNAs such as hsa-miR-29a-5p, hsa-miR-548d-3p, hsa-miR-766-5p, and hsa-
miR-3121-3p regulated the ubiquitination process, and most of these DE target genes were associated with E2
ubiquitinates.

This study with both in vitro cell research and data analysis is more reliable than monotonic data analysis.
However, experiments with in vitro cells cannot wholly replace in vivo studies. In addition, there are numerous cells
in the kidney, with the renal proximal tubule cells being the most prominent and associated with renal damage
induced by diquat; hence, they do represent all kidney cells. Different concentrations of diquat may also have
unknown effects on the various forms of cell damage. Furthermore, diquat-induced damage to renal proximal tubules
as well as the mechanism of action between miRNAs and multiple target genes and pathways are highly complex.
Based on our study, we found that miRNAs comprehensively participated in the process of diquat-induced HK-2 cell
injury. However, we only investigated a few aspects of the process and did not investigate the involvement of
a specific miRNA in the process of diquat-induced HK-2 cell injury in depth. Future study is required to confirm this
aspect.

Conclusion

Diquat poisoning remains a challenging problem in emergency and critical care medicine as it has no specific antidote.
In this study, the toxic mechanism of diquat-induced damage to HK-2 cells was preliminarily explored, and it was
found that diquat had toxic effects that could lead to the apoptosis of HK-2 cells. In addition, miRNAs such as hsa-miR
-1910-3p, hsa-miR-1972, and hsa-miR-598-5p in HK-2 cells decreased after diquat treatment, while hsa-miR-1255b-
5p and hsa-miR-4443 increased. Furthermore, GO and KEEG analysis revealed that these DE miRNAs were enriched
in biological processes and signaling pathways that were involved in apoptosis. These DE miRNAs could target genes
such as CASPS8, FAS, BAX, and BCL2 and play a role in apoptosis and ubiquitination. Overall, in this study we
explored the unique expression pattern of miRNAs during diquat-induced HK-2 cell injury, which provides
a theoretical basis for future research on the pathogenesis of diquat-induced renal injury and may shed light on
potential therapeutic targets.
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