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Contrast-induced acute kidney injury (CI-AKI) is a severe
complication of intravascular applied radial contrast media,
and recent progress in interventional therapy and angiography
has revived interest in explaining detailed mechanisms and
developing effective treatment. Recent studies have indicated
a potential link between CI-AKI and microRNA (miRNA).
However, the potential non-coding RNA-associated-competing
endogenous RNA (ceRNA) pairs involved in CI-AKI still
remain unclear. In this study, we systematically explored the
circRNA or IncRNA-associated-ceRNA mechanism in a new
rat model of CI-AKI through deep RNA sequencing. The re-
sults revealed that the expression of 38 circRNAs, 12 IncRNAs,
13 miRNAs and 127 mRNAs were significantly dysregulated.
We performed Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes pathway analyses for mRNAs with signif-
icantly different expression and then constructed comprehen-
sive circRNA or IncRNA-associated ceRNA networks in kidney
of CI-AKI rats. Thereafter, two constructed ceRNA regulatory
pathways in this CI-AKI rat model—novel_circ_0004153/rno-
miR-144-3p/Gpnmb or Naglu and LNC_000343/rno-miR-
1956-5p/KCP—were validated by real-time qPCR. This study
is the first one to provide a systematic dissection of non-coding
RNA-associated ceRNA profiling in kidney of CI-AKI rats. The
selected non-coding RNA-associated ceRNA networks provide
new insight for the underlying mechanism and may profoundly
affect the diagnosis and therapy of CI-AKI.

INTRODUCTION

Contrast-induced acute kidney injury (CI-AKI) is defined as acute
renal dysfunction within 48-72 h after exposure to iodine contrast
media (CM)."” CI-AKI is a strong predictor of early and long-term
adverse outcomes and often leads to prolonged hospitalization and
increased medical costs.” > An exploration of both strategies and bio-
markers for prevention of this disease is necessary and urgently
needed.

Non-coding RNAs (ncRNAs) have become a research focus and have
newly been demonstrated to play a significant role in multiple cellular
physiological and pathological processes.” ® These ncRNAs contain
small ncRNAs (<200 nt long), such as microRNAs (miRNAs), and
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long ncRNAs (IncRNAs) (>200 nt long), as well as circular RNAs
(circRNAs) with covalently closed loop structures.”'® Emerging evi-
dence indicates that levels of miRNAs have been remarkably changed
in different types of AKI animal models as well as in human biopsy
samples.' "> Functional studies also proved that restoration or
knockdown of certain miRNAs was able to regulate the progression
of AKL'*"* IncRNAs also play an important part in various biological
processes, such as cell death, mitochondrial apoptosis, T cell differen-
tiation, nuclear factor kB (NF-kB) signaling pathway in the progres-
sion of septic AKI, or ischemia-reperfusion (IR) AKL'®"'® Although
the functional role of circRNAs in kidney diseases has not been sys-
tematically studied, they are highly expressed in kidney and have
been reported to modulate cell-cycle progression and programmed
cell death."” This line of evidence indicates that ncRNAs may function
in the progression of CI-AKI.

In most cases, miRNAs bind to the 3 UTRs of their target gene to
regulate expression and inhibit protein translation.”’ Both IncRNAs
and circRNAs can inhibit the function of miRNAs as miRNA sponges
through the competing endogenous RNA (ceRNA) network.”"** The
ncRNA-associated ceRNA networks may play a key role in inflamma-
tion, pyroptosis, apoptosis, or other biological activities. For example,
the IncRNA MALAT]1 directly repressed ELAVLI and then decreased
downstream NLRP3 expression via targeting miR-23c, thereby inhib-
iting cell pyroptosis and inflammation in diabetic nephropathy.*” It is
of note that hsa_circ_0010729 inhibits apoptosis and promotes the
cell proliferation and migration through targeting the miR-186/
HIF-10, axis.”* This provides new evidence that ceRNA may underlie
the mechanism of CI-AKI.

The potential link between CI-AKI and ncRNA-associated ceRNA
networks shed new light on the research of CI-AKI. To date, only
one study proved that circulating miRNA-188, -30a, and -30e were
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Group Serum creatine (umol/L)  Blood urea nitrogen(mmol/L)
Baseline End Baseline End
Control 17.40£0.50 20.73£2.42  6.72£0.84  6.22+0.83
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Figure 1. Evaluation in the CI-AKI SD Rat Models
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(A and B) Changes in the levels of Scr and BUN before dehydration and 24 h after saline or iohexol injection in the control and CI-AKI groups to evaluate renal function of SD
rats. (C) Representative photomicrographs of tubular cell injuries in rat kidney tissues (H&E staining; original magnifications, x200) and representative photomicrographs of
mitochondrial ultrastructural changes in renal tubular epithelial cells (original magnifications, x5000). (D) Immunofluorescent labeling for TUNEL in rat kidney tissue sections of
the four groups (x200). Apoptotic cells in rat kidney tissue were stained for TUNEL (green). Nuclei were stained with DAPI (blue). (E) Quantitative analysis of histologic scoring.
(F) Quantitative analysis of TUNEL-positive cells. More than 200 cells in each group were evaluated to determine the percentage of TUNEL-positive cells. The data are
presented as the mean + SEM; *p < 0.05 versus baseline value; **p < 0.05 versus group control.

potential early biomarkers for CI-AKL>> The potential role of

ncRNAs and ncRNA-associated ceRNA networks in the pathogenesis
of CI-AKI has not been fully understood. In this study, we developed
whole-transcriptome sequencing (RNA sequencing [RNA-seq]) with
the Illumina HiSeq 2000 and HiSeq 4000 in a control group and a new
CI-AKI rat model*® to systematically identify differentially expressed
IncRNAs, circRNAs, miRNAs, and mRNAs. This study is the first one
to identify circRNA- or IncRNA-associated ceRNA networks in the
CI-AKI Sprague-Dawley (SD) rat model and may provide new insight
for diagnosis and therapeutic targets in CI-AKL

RESULTS

Evaluation of the CI-AKI SD Rat Model

We used the change of serum creatine (SCr) to evaluate the renal
function of SD rats. Twelve SD rats were divided into a CI-AKI group
and a control group, and both were dehydrated for 48 h and then

intramuscularly injected with furosemide (10 mL/kg) 30 min before
iohexol (15 mL/kg) or 0.9% normal saline (15 mL/kg) intravenous
injection. As shown in Figures 1A and 1B, SCr and blood urea
nitrogen (BUN) were significantly increased after CM administration
(p < 0.05), while no change was observed in the control group. Kidney
histopathological changes were examined by H&E staining and trans-
mission electron microscope examination (TME) (Figure 1C). H&E
staining showed a small detachment of tubular cells in the control
group (histologic scoring: 0.83 + 0.29), while severe foamy degenera-
tion and detachment of tubular cells occurred in the CI-AKI group
(histologic scoring: 3.77 + 0.21) (Figure 1E). Transmission electron
microscope examination showed that normal mitochondria and few
lysosomes and autophagosomes were presented in the control group.
However, in the tubular cells of CI-AKI rats, karyopyknosis and chro-
matin set in edge with a marked accumulation of autophagosomes
were observed, and more severe mitochondria ultrastructural changes
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Figure 2. Expression Profiles of IncRNAs, circRNAs, miRNAs, and mRNAs
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(A) Cluster analysis of differentially expressed circRNAs. (B) Cluster analysis of differentially expressed IncRNAs. (C) Cluster analysis of differentially expressed miRNAs. (D)
Cluster analysis of differentially expressed mRNAs. Red indicates increased expression, and blue denotes decreased expression. The expression levels of miRNAs and
circRNAs were quantified by TPMs, p < 0.05 was considered significantly different; the expression levels of INcRNAs and miRNAs were quantified by FPKMs, q < 0.05 was

considered significantly different.

were examined, including swelling, loss of cristae, and vacuolization
in matrix. In the CI-AKI rats, apoptotic cells (percentage of
TUNEL-positive cells: 33.64 + 1.82) were significantly increased
compared to those in the control group (percentage of TUNEL-pos-
itive cells: 5.91 + 0.92; p < 0.05) (Figures 1D and 1F).

Overview of circRNA-Seq and miRNA-Seq

After the removal of low-quality reads, as well as adapter-, poly-N-,
and other contaminant-containing reads from the raw data,
clean reads of circRNA- and miRNA sequencing (miRNA-seq)
were obtained. We filtered reads based on length (21-22 nt) to
select miRNAs, which were mapped to the rat reference
sequence by Bowtie,”” and the miREvo”® and miRDeep2*® software
packages were integrated to predict the novel miRNAs. Finally, 746
matured miRNAs (628 known and 118 novel) were detected.
Based on the theory of find_circ software,® 6,469 circRNAs were
detected. These miRNAs and circRNAs were used for the subse-
quent analysis.

Overview of IncRNA-Seq and mRNA-Seq

After discarding the reads with adapters, poly-N > 10%, and any other
possible contaminants, clean reads of IncRNAs were obtained. After
mapped to the rat reference genome by using Bowtie and TopHat
v2.0.9, a total of 1,789 matured IncRNAs were detected using five
steps (step 1: number screening; step 2: length screening; step 3: anno-
tation screening; step 4: expression level screening; and step 5: encod-
ing potential screening) for systematic identification; these IncRNAs
were used for the subsequent analysis. The cufflink results indicated
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that 25,701 protein coding transcripts were identified. These mRNAs
were used for the subsequent analysis.

Differential Expression Analysis: Control versus CI-AKI Model

Differential expression ncRNAs and mRNAs in control rats and CI-
AKl rats (n = 3) were indicated in a heatmap (Figure 2). We first iden-
tified 38 significantly dysregulated circRNA transcripts between the
two groups based on transcripts per million (TPM) (p < 0.05; Table
S1), with 16 upregulated and 22 downregulated transcripts in CI-
AKI rats relative to those in control rats. A total of 13 significantly
dysregulated miRNAs were also detected between the two groups
based on TPM (p < 0.05; Table S2), with 5 upregulated in the CI-
AKI model rat and 8 downregulated. The expression levels of the
IncRNA and mRNA transcripts were estimated by fragments per kilo-
base of exons per million fragments mapped (FPKM). A total of 12
significantly dysregulated IncRNAs were identified, with 5 upregu-
lated and 7 downregulated in the CI-AKI model rat (q < 0.05; p value
was adjusted using q value®’; Table S3). A total of 127 significantly
dysregulated mRNA transcripts were identified, with 72 upregulated
and 55 downregulated in the CI-AKI model rat (q < 0.05; Table S4).

As displayed in Table 1, the most upregulated circRNA was a novel
circ_0004307 with 5.95 log, fold change, and the most downregulated
circRNA was a novel_circ_0002506 with —6.31-log, fold change. The
most upregulated IncRNA, miRNA, and mRNA were Inc_001001
(5.29 log, fold change), rno-miR-201-3p (0.87 log, fold change),
and glycoprotein non-metastatic melanoma protein b (Gpnmb)
(2.67 log, fold change), respectively. The most downregulated
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Table 1. Statistical Analysis of All Differentially Expressed ncRNAs and mRNAs

Differential Expression RNAs ~ Total No.  No. Upregulated ~ No. Downregulated =~ Most Upregulated (Log, Fold Change) =~ Most Downregulated (Log, Fold Change)
circRNA 38 16 22 novel_circ_0004307 (5.95) novel_circ_0002506 (—6.31)

IncRNA 12 5 7 LNC_001001 (5.29) LNC_000384 (—3.03)

miRNA 13 5 8 rno-miR-201-3p (0.87) rno-miR-144-3p (—1.00)

mRNA 127 72 55 Gpnmb (2.67) Cyp27bl (—2.71)

IncRNA, miRNA, and mRNA were Inc_000384 (—3.03 log,
fold change), rno-miR-144-3p (—1.00 log, fold change), and
cyp27b1(—2.71 log, fold change), respectively.

qRT-PCR Confirmation

qRT-PCR was used to confirm the differential expression identified in
the RNA-seq data. We randomly selected 12 differentially expressed
transcripts: three circRNAs, three IncRNAs, three miRNAs, and three
mRNAs in an independent cohort of 5 CI-AKI model rats and 5 con-
trol rats. As shown in Figure 3, most selected transcripts were detected
in control and CI-AKI model rat kidneys and exhibited significant
differential expressions and relatively high verification rates. Only
circRNA_005752 expressed opposite between microarray and qRT-
PCR, but the difference was not statistically significant. In summary,
qRT-PCR results confirmed the RNA-seq data.

Construction of a circRNA- or IncRNA-Associated ceRNA
Network

According to ceRNA hypothesis, the members of ceRNA (circRNAs,
IncRNAs, and mRNAs) compete for the same miRNA response ele-
ments (MREs) to regulate each other. In this study, we found that
the 38 circRNAs, 12 IncRNAs and 127 mRNAs with differential
expression shared a common binding site of miRNA (13 remarkably
dysregulated miRNAs). Two cases of the ceRNA network were
covered (Figures 4A and 4B): one was circRNA or IncRNA (up in
CI-AKI rats)-miRNA (down in CI-AKI rats)-mRNA (up in CI-AKI
rats), and the other was circRNA or IncRNA (down in CI-AKI
rats)-miRNA (up in CI-AKI rats)-mRNA (down in CI-AKI rats).
These RNA interactions may serve as a novel perspective for
exploring the underlying mechanism of CI-AKI. More details are
listed in Tables S5 and Sé.

Functional Annotation: GO and KEGG

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses were performed on the mRNAs involved
in circRNA or IncRNA-associated ceRNA networks, respectively.
As shown in Figure 5A, GO analysis showed 142 GO terms were
markedly enriched (p < 0.05; Table S7), and the top three terms
were porphyrin-containing compound metabolic process (GO:
0006778), porphyrin-containing compound biosynthetic process
(GO: 0006779), and heme binding (GO: 0020037). Several kidney-
injury-associated terms were also discovered, such as oxidation-
reduction process (GO: 0055114) and oxidoreductase activity (GO:
0016491). KEGG pathway analysis showed that there were 17 path-
ways that were significantly enriched in these differential expression

mRNAs involved in the circRNA or IncRNA-miRNA-mRNA net-
works (p < 0.05, Table S8). Of them, DNA replication, steroid
hormone biosynthesis, and chemical carcinogenesis were the most
enriched (Figure 5B). In short, the circRNA- or IncRNA-associated
ceRNA network may participate in the physiological and pathological
processes of CI-AKI from different aspects.

Association Study

In this study, three limiting factors were applied to select circRNA- or
IncRNA-associated ceRNA networks in CI-AKI. First, the selected
pairs composed of ncRNAs and mRNAs should all be differentially
and significantly expressed between the control and the CI-AKI
rats (p or q < 0.05). Second, the levels of the selected ncRNAs and
their target genes (mRNAs) in the rat kidney should be in a
certain order of down (circRNAs or IncRNAs)-up (miRNAs)-down
(mRNAs) or up (circRNAs or IncRNAs)-down (miRNAs)-up
(mRNAs). Third, the selected pairs should be related to CI-AKIL
For example, novel_circ_0004153, novel_circ_0004776, novel_
circ_0006065, novel circ_0004307, novel circ_0003972, novel_
circ_0000201, novel_circ_0000047, and novel_circ_0002140 (up in
CI-AKI rats) were ceRNAs of rno-miR-144-3p (down in CI-AKI
rats) targeting Naglu or Gpnmb (up in CI-AKI rats). IncRNA-
000343, IncRNA-0001593, IncRNA-000727, IncRNA-0000149, and
IncRNA-0001359 (down in CI-AKI rats) were ceRNAs of rno-miR-
1956-3p (up in CI-AKI rats) targeting Kielin/chordin-like Protein
(KCP) (down in CI-AKI rats). Therefore, we believe that the
circRNA- or IncRNA-associated ceRNA networks mentioned earlier
may take part in the pathogenesis and pathological process of CI-AKIL.
Additional results are listed in Table 2.

DISCUSSION

CI-AKI is a severe complication of intravascular applied radial CM.
Intravenous hydration and use of low-or iso-osmolar iodine CM
are recommended as prevention strategies for CI-AKL>' However,
recent progress in interventional therapy and angiography has
revived interest in explaining detailed mechanisms and developing
effective treatment, especially in patients suffering from hemody-
namic instability, pre-existing decreased kidney function, diabetes,
and so on.”> Many studies on CI-AKI focused on early biomarkers,
the potential targets for therapy and prediction of early and late out-
comes. Dr. Shi-qun Sun’s group proved that miRNAs were early po-
tential biomarkers for CI-AKI, as plasma levels of miRNA-188, -30a,
and -30e significantly distinguished patients with CI-AKI from those
without CI-AKL>® However, the role of circRNAs or IncRNAs in
CI-AKI remains unknown.
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Noncoding RNAs, a group of biomolecules that function at the RNA
level, are involved in a wide range of physiological and pathological pro-
cesses, including AKI. Function studies showed that miRNAs, such as
miR-24, miR-126, miR-494, and miR-687, may regulate inflammation,
programmed cell death, and cell cycle in the injury and repair stages of
AKI by binding to target genes, which indicates their therapeutic poten-
tial.” To date, the biological role of IncRNAs has become a hotspot in
the research of AKI. Recent studies show that LINC00520 regulates
the oncostatin M receptor (OSMR) expression level by targeting miR-
27b-3 to promote renal IR injury development through the phosphati-
dylinositol 3-kinase/AKT signaling pathway.”* NEAT1 may serve as a
vital therapeutic target and diagnostic marker in sepsis-induced AKI pa-
tients, for upregulation of NEAT1 activates the NF-kB pathway through
regulating miR-204.”" In addition, the IncRNA MALAT1 and MEG3 in
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Figure 3. Validation of Transcript Expression by
qRT-PCR between CI-AKI and Control Rats
Rat ACTB and U6 genes were used as housekeeping

| internal controls. Transcript expression was quantified
relative to the expression level of ACTB using the
comparative cycle threshold (ACt) method. The data are
presented as the mean + SEM (n = 5); **p < 0.05.
Control CI-AKI

lipopolysaccharide-induced AKI are mediated by
*¢ the miR-146a/NF-kB signaling pathway and
miR-21/PDCD4 axis, respectively.”>*® More
importantly, circulating IncRNA transcript pre-
dicting survival in AKI (TapSAKI) can predict
mortality in critically ill patients with AKL>” In
contrast, the functions of circRNAs in AKI are
still unknown.*® However, their role in regulating
programmed cell death® and cell proliferation*
promises them as potential regulators in AKI. For
example, mmu-circRNA-015947 was reported
to have interacted with miRNAs (mmu-miR-
188-3p, mmu-miR-329-5p, mmu-miR-3057-3p,
mmu-miR-5098, and mmu-miR-683) to regulate
downstream gene expression, thereby partici-
pating in apoptosis-correlated pathways involved
in the pathogenesis of IR injury.*’

Control CI-AKI

| —

Salmena et al.”* first proposed the “ceRNA hy-

pothesis” describing IncRNAs or circRNAs
could inhibit the function of miRNA to posi-
tively regulate targeted mRNA, functioning as
miRNA sponges through the ceRNA networks.
In the present study, we used RNA-seq to
comprehensively analyze circRNA, IncRNA,
miRNA, and mRNA profiles and ncRNA-asso-
ciated ceRNA networks in the kidney of CI-AKI
SD rats. The new CI-AKI rat model can well
mimic CI-AKI in clinical practice. RNA-seq re-
sults showed that a total of 127 significantly dys-
regulated mRNA transcripts were identified.
These mRNA transcripts are related to CI-AKI pathogenesis. For

Control CI-AKI

|

Control CI-AKI

example, overexpression of stanniocalcin-1 inhibits reactive oxygen
species (ROS) and renal IR injury via an AMP-activated protein ki-
nase-dependent pathway.”>** Metallothionein 2A protects cells
from toxic agents such as heavy metal ions or ROS and is a risk factor
for chronic kidney disease and diabetes.”* According to the statistical
data of RNA-seq results, 38 circRNA transcripts, 12 IncRNAs, and 13
miRNAs were significantly dysregulated in the CI-AKI rat model.
These circRNAs, IncRNAs, and protein-coding mRNAs may function
as ceRNAs to compete for the same MREs to regulate the expression
of mRNA.

GO and KEGG pathway analyses were constructed to the target
genes (mRNAs) involved in circRNA- or IncRNA-associated ceRNA
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Figure 4. circRNA-Associated ceRNA Networks in CI-AKI Rats and IncRNA-Associated ceRNA Networks in CI-AKI Rats
(A) circRNA-associated ceRNA Networks in CI-AKI rats. (B) IncRNA-associated ceRNA networks in CI-AKI rats. The square nodes represent mRNAs, the triangle nodes
indicate INcRNAs or circRNAs, the circular frames denote miRNAs, and the edges represent the competing interactions among them. Red represents upregulated

expression, and green indicates downregulated expression.

networks. GO analyses revealed that the pathological process of
CI-AKI may be regulated by these networks from different
angles, including porphyrin-containing compound metabolic (GO:
0006778) and biosynthetic (GO: 0006779) processes, heme binding
(GO: 0020037), and so on. KEGG pathway analysis showed that these
dysregulated molecules mainly related to DNA replication, steroid
hormone biosynthesis, and chemical carcinogenesis. For instance,
flavin-containing monooxigenases (FMOs) (GO: 0006778; GO:
0006779) are a polymorphic family of drug- and pesticide-metabo-
lizing enzymes. Rodriguez-Fuentes et al.*” reported that the expres-
sion and activities of FMOs may be influenced by hyperosmotic
conditions in the kidney of rats. It has also been proved that renal col-
lectrin (GO: 0006778; GO: 0006779) protects against salt-sensitive
hypertension and is downregulated by angiotensin II. Increasing
the abundance or activity of collectrin may have therapeutic benefits
in the treatment of hypertension and salt sensitivity.** In addition,
phospholipase A2 group VII (Pla2g7) (GO: 0006778), the only known
phospholipases that specifically select these oxidized and/or short-
chained phospholipids as substrates, were purified and cloned as
platelet-activating factor acetylhydrolases. Foulks et al.*’ proved
that selective hydrolysis of phospholipid oxidation products was an
early and critical way to overcome oxidative membrane damage
and oxidant-induced cell death. Renal oxidative stress level character-
ized by elevated heme oxygenase 1 (HO-1), cytochrome P450 E1
(CYP2E1) (GO: 0020037, steroid hormone biosynthesis, chemical

carcinogenesis) in cisplatin-induced renal dysfunction,48 and inhibi-
tion of CYP2EI coupled with the induction of Nrf2 can effectively
reduce CYP2El-mediated rhabdomyolysis-induced acute kidney
injury.*” What is more, previous studies have shown that UDP-glu-
curonosyltransferases (UGTS) catalyze phase II biotransformation re-
actions in which lipophilic substrates are conjugated with glucuronic
acid to increase water solubility and enhance excretion. Ugt2b35
(steroid hormone biosynthesis and chemical carcinogenesis) was
expressed in kidney, potentially influencing drug metabolism and
pharmacokinetics.”® Although the correlations between the afore-
mentioned genes and CI-AKI have not yet been reported, to our
knowledge, we speculate that development of CI-AKI in this rat
model may be related to hyperosmotic conditions, angiotensin, oxida-
tive stress, drug metabolism, and pharmacokinetics. Further research
is necessary.

In this study, strict constraints were applied to select the most
possible circRNA- or IncRNA-associated ceRNA networks that
are involved in the pathogenesis and development of CI-AKL
For example, we selected circRNA-associated ceRNA networks
that participated in the control of the Naglu gene or Gpmnb
gene. Novel_circ_0004153 circRNAs were ceRNAs of rno-miR-
144-3p targeting Naglu or Gpnmb. The Naglu gene is an indicator
of renal tubulointerstitial damage and associated with inflamma-
tion, such as nuclear factor kB (NF-kB) activation.”’ It can be
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Statistics of Pathway Enrichment
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(A and B) Data show bioinformatics analysis in the ceRNA network with GO (A) and KEGG (B) pathway analysis for the mRNAs regulated by the ncRNA-mIiRNA network.

used to differentiate AKI types and predict AKI development,
especially prerenal AKL>®> Gpnmb serves as a negative regulator
of inflammation in macrophages and plays a protective role
against the AKL> Another one is the IncRNA-associated ceRNA
network that participates in regulation of the KCP gene.
IncRNA_000343 were ceRNAs of rno-miR-1956-5p targeting
KCP. KCP transgenic mice were significantly more resistant to
interstitial fibrosis and renal injury via inhibiting both transform-
ing growth factor B (TGF-B) and activin signals while enhancing
bone morphogenetic protein signaling, which can attenuate both
acute and chronic renal injury.”*>° The circRNA- or IncRNA-
associated ceRNA networks in CI-AKI are highly complex and
diverse. Our ongoing efforts will provide basic information to un-
derstand these ncRNA-associated ceRNA networks. There exists
an enormous challenge to understand this regulatory mechanism
in CI-AKI, and further exploration is needed.

We elucidated the circRNA- or IncRNA-associated ceRNA profiles
of control and CI-AKI rats using deep RNA-seq analysis. To the
best of our knowledge, this is the first report examining the expres-
sion of IncRNAs, circRNAs, miRNAs, and mRNAs in CI-AKI.
These findings further expanded our understanding of ceRNA net-
works and help us to explore their regulatory functions in the path-
ogenesis and pathological process of CI-AKI. These novel networks
may be potential biomarkers or therapeutic targets in CI-AKL
Taken together, this strategy provides new insight for the underlying
mechanism and may profoundly affect the diagnosis and therapy of
CI-AKL
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MATERIALS AND METHODS

Preparation of Tissues

Male SD rats were acclimated to the environment for 7 days before
starting the study, weighing approximately 250-300 g. All the opera-
tions were handled in accordance with the guidelines on animal care of
the Second Xiangya Hospital of Central South University. Twelve SD
rats were enrolled and randomly assigned to the CI-AKI group or con-
trol group (n = 6). Animals were dehydrated for 48 h and then
underwent furosemide (10 mL/kg; Harvest Pharmaceutical, Shanghai,
China) injection 30 min before administration of iohexol (15 mL/kg,
group CI-AKI; iodine, 350 mg/mL; GE Healthcare, Shanghai, China)
or 0.9% normal saline (15 mL/kg, control group). We randomly
selected three rats from each group for the following tests.

Blood Biomarker Assay
SCr and BUN levels were measured with an automatic biochemical
analyzer (Hitachi 7170A, Tokyo, Japan).

H&E Staining

Renal tissue was fixed in 10% neutral-buffered formalin for a mini-
mum of 24 h and embedded in paraffin; then, 4-um-thick tissue
sections were cut using a microtome; and, finally, histopathological
evaluation was conducted with H&E staining. For semiquantitative
analysis of the frequency and severity of renal lesions, we randomly
selected 10 high-magnification (x200) cortical regions and the outer
stripe of the outer medulla. The specimens were scored according to a
semiquantitative scale based on the extent of foamy degeneration and
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Table 2. ncRNA-Associated ceRNA Networks Most Likely Involved in CI-AKI Pathogenesis

Log, Fold
Change

Log, Fold
Change

Log, Fold
Change

p Value

Gene Name

Gene ID

Transcript ID

p Value

miRNA

p Value

circRNA or IncRNA

0.01934

3.95

novel_circ_0004153

0.01249

4.19

novel_circ_0004776

2.67 0.00005

Gpnmb

ENSRNOG00000008816

ENSRNOT00000011945

0.01207

1

4.2

novel_circ_0006065

0.00006

5.95

novel_circ_0004307

0.00115

—1.00

rno-miR-144-3p

0.01516

4.09

novel_circ_0003972

0.02733

3.77

novel_circ_0000201

0.00045

0.64

Naglu

ENSRNOG00000032381

ENSRNOT00000052157

0.04435

2.74

novel_circ_0000047

3.49 0.04434

novel_circ_0002140

LNC_000343

0.00005

—2.49

0.00005

—1.17

LNC_001593

0.00005

—1.57

KCP

ENSRNOG00000021855

ENSRNOT00000050795

67 0.031072

0.

0.00005 rno-miR-1956-5p

—1.84

LNC_000727

0.00005

—1.14

LNC_000149

LNC_001359

0.00020

—2.98

detachment of tubular cells:*” no injury (0); mild: <25% (1); moderate:
<50% (2); severe: <75% (3); and very severe: >75% (4).

Transmission Electron Microscope Examination

2.5% glutaraldehyde-fixed kidney samples were dehydrated, osmosed,
embedded, ultrathin sectioned, and stained in uranyl acetate and lead
citrate conventionally. The ultrastructure of the tubular cells was
observed under a Hitachi H7700 electron microscope.

dUTP Nick-End Labeling Assay

According to the manufacturer’s protocol, a commercial kit (in situ
cell death assay kit; Roche, Basel, Switzerland) for terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
assay was used on paraffin sections of the renal cortical medulla
border region. All cells were counted in five different views per sec-
tion. TUNEL-positive cells were expressed as percentage of total cells.

RNA Extraction and Qualification

Total RNA from each renal tissue sample was isolated using TRIzol
Reagent (Invitrogen). Briefly, RNA degradation and contamination
were monitored with 1% agarose gels. RNA purity was checked using
the NanoPhotometer spectrophotometer (IMPLEN, Los Angeles, CA,
USA). RNA concentration and integrity were measured using the Qu-
bit RNA Assay Kit with the Qubit 2.0 Flurometer (Life Technologies,
CA, USA) and the RNA Nano 6000 Assay Kit of the Agilent Bio-
analyzer 2100 System (Agilent Technologies, CA, USA), respectively.

RNA-Seq

Strand-specific cDNA libraries were constructed and sequenced on an
Mumina HiSeq 2000/4000 platform (Novogene Bioinformatic Tech-
nology, Beijing, China). The methods were previously described, and
more details are described in Methods S1 and S2. All subsequent an-
alyses were performed using clean reads after removing the adaptor
reads and low-quality tags.

Expression Analysis

FPKMs of both IncRNAs and coding genes in each sample were calcu-
lated by Cuftdiff (v2.1.1).°® Gene FPKMs were the sum of the FPKMs
of transcripts in each gene group. FPKMs were calculated based on
the length of the fragments and read counts mapped to this fragment.
The expression levels of miRNAs and circRNAs were quantified by
TPM using the following normalization formula:®® normalized
expression = mapped read count/total reads - 1,000,000.

Differential Expression Analysis
For the samples with biological replicates, differential expression
analysis of the control and CI-AKI model groups was performed us-
ing the DESeq R package (1.8.3). We adjusted the p value as a q value
using the Benjamini & Hochberg method.”® A p or q value < 0.05 was
considered significantly different.

ceRNA Network Analysis

We analyzed the significant difference expression levels of ncRNAs
and mRNAs between the control group and the CI-AKI model.
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The sequences of circRNAs, IncRNAs, and mRNAs were screened
to search the potential MREs. MiRanda (http://www.microrna.org/
microrna/home.do) was used to predict miRNA-binding seed
sequence sites and target genes. Protein-protein interaction analysis
of differentially expressed genes was based on the STRING database
using Cytoscape 3.4.0.

GO and KEGG Enrichment Analyses

The circRNA or IncRNA-miRNA-enriched genes were analyzed by
using the GO database and KEGG database. The GO categories
(http://geneontology.org) cover defined terms that describe gene
product attributes. KEGG® is a database resource applied to under-
stand high-level functions and utilities of the biological system
(https://www.genome.jp/kegg/). We used KOBAS®' software to test
the statistical enrichment of the target gene candidates in KEGG
pathways.

Real-Time qPCR Validation

Total RNA was isolated from kidney tissues using TRIzol Reagent
(Invitrogen), and RNA (1 ng) was reverse transcribed to cDNA us-
ing the Reverse Transcriptase M-MLV (Takara, Japan) according to
manufacturer’s instructions. The real-time qPCR reaction was per-
formed using the SYBR Green assay (Takara, Japan) in the
CFX96 Real-Time PCR Detection System (Bio-Rad) with the
following conditions: 95°C for 30 s, followed by 40 cycles of 95°C
for 5 s and 60°C for 30 s. The specific quantitative primers were de-
signed and synthesized by Sangon Biotech (Sangon Biotech,
Shanghai, China) and listed in Table S9. The primers of ACTB
(for circRNA, IncRNA, and mRNA) and U6 (for miRNA) were syn-
thesized as endogenous controls.

Statistical Analysis

All statistical analysis was conducted by using SPSS 22.0. The data of
normal distribution were presented with mean values + SD. The
mean comparison between the two groups was conducted with
Student’s t test. The enumeration data were expressed by rate and
analyzed by chi-square test. The expression level of each mRNA,
miRNA, IncRNA, and circRNA was represented as fold change
using the 27**“" method on real-time qPCR analysis. p values or
q values < 0.05 were considered statistically significant.
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