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Abstract

Nrf2 is an important transcription factor involved in the antioxidant response and is widely expressed in animal tissues. The
function of Nrf2 is regulated by its negative regulator Keapl by inducing its cytoplasmic degradation. Recent studies have
suggested that Nrf2 is also regulated post-transcriptionally via miRNAs. However, to date, how miRNAs regulate Nrf2 in fish
skeletal muscles is unknown. In this study, the full-length cDNAs with 2398 bp of the Nrf2 was firstly cloned by SMART RACE
amplification tools from Chinese perch. The Nrf2 gene structure and its 3’-UTR region for possible miRNA binding sites, as well
as its spatial expression profile were assayed. Then, we employed TargetScan Fish tool MiRNAnome to predict putative sites for
five miRNAs including miR-181a-5p, MiR-194a, MiR-216a, miR-459-5p, and miR-724. Using qRT-PCR assay, we found that
Nrf2 mRNA levels have negative correlation with all five miRNAs expression in muscle of nutritionally deprived fish, and that
ectopic expression of miR-181a-5p alone reduces Nrf2 mRNA levels. Luciferase reporter assay in a heterologous cell system
revealed that each of the five miRNAs reduced Nrf2 expression, suggesting a direct regulatory mechanism. Moreover, the miR-
181a-5p suppression using specific antagomir led to a significant increase in Nrf2 expression in vivo. At the same time, the
expression levels of the antioxidant enzymes CAT, ZnSOD, GPx, GSTA, and GSTA genes increased significantly after injecting
miR-181a-5p antagomir. Taken together, these findings provide evidence that miRNAs are involved in the Nrf2 signaling
networks in regulation of oxidative stress in fish, at least in Chinese perch muscle.
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Introduction

Nrf2, an important transcription factor involved in the antiox-
idative response, is widely expressed in animal tissues, but is
only activated through a series of oxidative and electrophilic
stimuli (including ROS, some antioxidants, heavy metals, and
certain disease processes) (Ma 2008, Kensler et al. 2007).
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Excessive accumulation of ROS caused by oxidative stress
increases cellular autophagy levels, including the antioxidant
signaling pathway Nrf2-Keap1. In its static form, Nrf2 protein
is localized in the cytoplasm and rapidly transferred through a
specific ubiquitin-26S proteasome pathway controlled by
Keap1/Cul3-dependent ubiquitin ligase (E3) (Kobayashi
et al. 2004, He et al. 2006, Kusik et al. 2008). A chemical-
protein thiol interaction between an inducer and the Keapl
protein causes signal transduction, leading to the stabilization
and activation of the Nrf2 protein (Dinkova-Kostova et al.
2002). Nrf2 binds to antioxidant response elements (AREs)
in the promoter of the target antioxidant genes, such as NAD
(P) H-quinone oxidoreductase 1 (NQO1), and strictly regu-
lates their transcription (Ma et al. 2004, He et al. 2006,
Nguyen et al. 2003, Ttoh et al. 1997). Other antioxidant en-
zymes included blood oxygenase-1, SOD, catalase, reduced
glutathione (GSH), and NADPH-quinone oxidoreductase
(Liu et al. 2015). Nrf2 contains a conserved cysteine in the
DNA-binding domain (Cys-514) (Wang et al. 2013), and it is
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necessary to protect the heart from glucose-induced oxidative
stress and cardiomyopathy in rat. Loss of Nrf2 function in rat
cardiac muscle cells significantly increased high glucose-
induced oxidative stress and apoptosis, and in turn reduced
contractility (He et al. 2009). Mechanistically, Nrf2 regulates
basal expression and induction of regulated cytoprotective
genes in primary cardiomyocytes, in vivo cardiomyocytes,
and in vitro in cardiomyoblast cell line HOC2 (He et al.
2009). Muthusamyet et al. reported that Nrf2-antioxidant re-
sponse signals in the myocardium can be activated by contin-
uous exercise for 2 days, which may be a non-
pharmacological method of activating the antioxidant path-
way (Muthusamy et al. 2012). Previous research found that
glucagon-like peptide 1 (GLP-1) can enhance Nrf2 activation
in endothelial cells (Jaiswal 2004), suggesting that there may
be a correlation between dietary protein levels and fish muscle
antioxidant enzymes and related signaling pathways.
However, the relationship between starvation-induced H,O,
production and Nrf2 signaling/antioxidant enzymes in fish
skeletal muscle has not been studied.

Nrf2 expression can be regulated by two mechanisms,
Keapl-dependent and Keapl-independent. It has been de-
termined that the negative regulator Keapl binds and iso-
lates Nrf2, resulting in ubiquitination and proteasome deg-
radation of Nrf2 (Wakabayashi et al. 2004, Kobayashi and
Yamamoto 2006). Inactivation of Keapl releases Nrf2,
leading to nuclear translocation of Nrf2 and subsequent
activation of Nrf2-dependent gene transcription (Niture
et al. 2010). Nrf2 is also regulated by aromatic hydrocar-
bon receptor (AhR) transcription (Miao et al. 2005). In
addition, previous studies have shown that ectodermal cor-
tex 1 (ENC1) inhibits Nrf2 expression in a Keapl-
independent manner by reducing Nrf2 protein synthesis
without affecting Nrf2 transcription or ubiquitination of
Nrf2 protein (Wang and Zhang 2009). In a mouse prostate
transgenic adenocarcinoma (TRAMP) model, epigenetic
mechanisms (DNA methylation and histone deacetylation)
contribute to Nrf2 gene silencing (Yu et al. 2010). These
studies indicated that in addition to Keapl post-
translationally regulating Nrf2 expression, Nrf2 is also reg-
ulated at the level of transcription and translation. The
function of Nrf2 is regulated by its negative regulator
Keapl after translation. This protein binds to Nrf2 and
induces the degradation of cytoplasmic Nrf2. Nrf2 is a
key transcription factor that regulates the expression of
several detoxifying enzymes by binding to ARE in the
gene promoter. These Nrf2-dependent detoxifying en-
zymes, including glutathione S-transferase (GST), NQOI,
v-glutamyl cysteine synthetase (GCL), and glucuronyl
transferase (UDP), protect cells against carcinogen-
induced DNA damage and cytotoxic effects (Fields et al.,
1999). Other studies have shown that Nrf2 expression can
inhibit oxidative stress and induce lung and prostate

canceration (Harvey et al. 2009, Barve et al. 2009).
Breast cancer research has found that Nrf2 can inhibit
H,0,-induced oxidative stress by activating Nrf2-
dependent genes in breast cancer cells (Hsich et al.
2010). Under copper exposure treatment, fish brain Nrf2
nuclear accumulation can increase its ability of binding to
ARE (CuZnSOD), which improves its antioxidant capacity
(Jiang et al. 2014). The Nrf2 pathway plays a protective
role against cellular oxidative damage by regulating the
activation of oxidase and is important in maintaining
zebrafish olfactory function in the Cd exposure environ-
ment (Wang and Gallagher 2013).

MicroRNAs (miRNAs) are a class of endogenous non-
coding small-molecule RNAs with a length of approximately
22 to 25 nucleotides, regulating approximately 30% of human
gene expression at post-transcriptional and translational levels
(Bartel 2004) involved in a variety of biological processes,
including programmed cell death (apoptosis and autophagy),
muscle development, and many human diseases (Lima et al.
2011, Cho 2010, Guo et al. 2015), as well as regulating the
response to oxidative cell stress (Mateescu et al. 2011,
Padgett et al. 2009). Increasing evidence shows that many
miRNAs can regulate Nrf2 directly and indirectly by targeting
Nrf2 or by targeting the expression of proteins involved in the
Nrf2 pathway and participate in oxidative stress processes.
Bachl, a negative regulator of Nrf2 activity, has been
shown to be a target of miR-196b, miR-155, miRNA-let-7b,
miRNA-let-7c, miR-98, and miR-122 (Sajadimajd and Khazaei
2018, Zhang et al. 2015). In addition, another
negative regulator of Nrf2, c-Myc is also regulated by
miRNA, including miR-520D-3p, miRNA-135b, miR-34b/c,
miR-744, miR-184, miR-135a, miR-145, MiR-126, miR-
449¢, miR-196b, miR-34a, miR-33b, miR-98, miR-let-7, and
miR-185-3p (Zhang et al. 2015, Sajadimajd and Khazaei 2018).
The Nrf2 chaperone c-Jun is also targeted by miR-125b and
miR-155. Keap! is a Nrf2 inhibitor and a target of miR-200a
and miR-141 (Sajadimajd and Khazaei 2018, Zhang et al. 2015,
Lin 2019). In order to obtain the complete picture of Nrf2
regulation and better understand the extent of its regulation by
miRNA:s, it is therefore necessary to find other miRNAs in-
volved in regulating Nrf2 signaling by targeting Nrf2 or its
related proteins.

In this study, we cloned the full-length sequences of Nrf2
of the Chinese perch and analyzed the 3’-UTR for possible
miRNAs binding sites. We predicted miR-216a, miR-724,
miR-459-5p, miR-194a, and miR-181a-5p were potential reg-
ulators of Nrf2. We then verified that miR-216a, miR-724,
miR-459-5p, miR-194a, and miR-181a-5p could inhibit Nrf2
mRNA expression through direct interaction between
miRNAs and the Nrf2. These results highlight the miR-
216a, miR-724, miR-459-5p, miR-194a, and miR-181a-5p
have possible important roles in the oxidative stress mediated
by the antioxidant factor Nrf2.
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Materials and Methods
Ethics Approval and Consent for Participation

This study was conducted following the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health of Hunan University, China. All procedures for fish
handling were performed after fish were anesthetized using
MS-222 (3-aminobenzoic acid ethyl ester methane sulfonate).

Fish Fasting Treatment

Juvenile Chinese perch were obtained from the Hunan
Fisheries Science Institute (Changsha, China). The fish were
adapted to the experimental environment at least for 2 weeks.
A total of 60 similarly sized Chinese perch (10 g+2 g) were
randomly assigned to 6 concrete tanks (3-m diameter and 1.5-
m water depth), resulting in 10 fish per tank. All fish in each
tank were fed live bait once a day (07:00). Rearing water
temperature was 25+0.8 °C, and dissolved oxygen was 85
+2%. Fish were consistently maintained under a natural light
and dark cycle during the experiment. When the normally fed
samples (fasting 0 day) were obtained, the remaining fish were
circulated to 6 new tanks to ensure that the starvation experi-
ment and the culture conditions remained unchanged.

Sample Collection

At the termination of the feeding trial, nine individuals (10 +
2 g) were randomly sampled from each tank as control group
(the normally fed samples). The same number of fasting sam-
ples (9 individuals) was collected at two time points, the sec-
ond and fifth days. The tissues including the white muscle, red
muscle, liver, spleen, kidney, gut, brain, and heart were col-
lected from the normally fed fish while the white muscle sam-
ples were collected from both the treated and control fish,
quickly washed with cold sterile X 1 PBS to remove contam-
inating blood before immersion in liquid nitrogen and storage
at — 80 °C until RNA extraction.

Molecular Cloning the Core Autophagy-Related Genes

To amplify cDNA fragments of Nrf2, gene specific primers
were designed either from contigs of the assembled expressed
sequence tags obtained from the Chinese perch muscle tran-
scriptome database (accession no. SRX1738860) or the genes’
homologous sequences from large yellow croaker and tilapia.
Full-length cDNAs of the Nrf2 was obtained using a SMART
RACE cDNA amplification kit (Takara, Dalian, China).
Specific nested PCR primers were designed based on the
RACE cloned partial sequences (Table 1). For the 5’-RACE,
amplification was conducted as follows: 39 cycles of 94 °C for
30 s, 60 °C for 90 s, and 72 °C for 2 min. For the 3’-RACE,
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two sequential amplifications were performed under the same
conditions: 39 cycles of 94 °C for 30 s, 58 °C for 90 s, and
72 °C for 2 min.

Prediction of Nrf2-Binding miRNAs

To identify miRNAs that potentially bind 3’-UTR of Nrf2, we
utilized the TargetScan Fish 6.2 (http://www.targetscan.org/
fish_62/) and MicroCosm targets version 5(http:/www.ebi.
ac.uk/enright-srv/microcosm/htdocs/targets/v5/) for target
prediction.

Genes and miRNA Expression Analysis

Total RNA from the prepared muscle tissues was extracted
with the TRIzolR Reagent (Monad, China), and treated with
RNAse-free DNAse I (Monad Biotech, Wuhan, China) in the
presence of RNAse inhibitor (Monad, Wuhan, China) follow-
ed by ethanol precipitation. The obtained RNA (1 pg) was
reversely transcribed using Superscript III RNase H-reverse
transcriptase (Monad, Wuhan, China) and Mir-X™ miRNA
first-strand synthesis kit (TaKaRa, Dalian, China) according
to the manufacturer’s instructions. Nrf2, 7 antioxidant en-
zymes genes (CAT, MnSOD, ZnSOD, GPx, GSTA, GSTA,
and GST4A), and miRNAs primers were designed with the
software Primer 5.0 (Table 1). cDNAs of skeletal muscle
(prived quantity) samples were used as templates for quanti-
tative RT-PCR assays using a SYBR Green PCR reaction kit
(Takara, Dalian, China), and the amplification reaction was
carried out using the CFX96TM real-time PCR detection sys-
tem (Bio-Rad, Hercules, CA, USA). The subsequent protocol
used standard cycling for the qPCR. The relative expression
ratios (R) of target mMRNAs were calculated by R =224,
where C, is the cycle threshold, normalized to rpll3 (Zhu
et al. 2015).

Plasmids, Transfection, and Luciferase Assay

Wild-type Nrf2 3’-UTR sequences of (355) nt was cloned into
pGL4-CMV-luc-vector to generate pGL4-CMV-luc-Nrf2 3°-
UTR reporter plasmid (Promega, USA). 3’-UTR mutant
pGL4-CMV-luc-Nrf2 reporter plasmids were generated by
amplification of the WT plasmid with primers designed to
omit the core-binding sites corresponding to each of the se-
lected miRNAs. The primers for DNA sequence clones are
listed in Table 1. Site-directed mutagenesis PCR (Sangon
Biotech, Shanghai) was conducted as follows: initial denatur-
ation 95 °C, 3 min; 18 cycles of denaturation 95 °C, 30 s;
annealing 55 °C, 1 min; extension 68 °C, 1 min; final exten-
sion 68 °C, 10 min. HEK293T cells in 96-well plates were
transfected with pGL4-CMV-luc-Nrf2, pGL4-CMV-luc-
Nrf2-mutant, pRL-CMV vectors (expressing Renilla lucifer-
ase) as a normalization control, and miRNA mimics/negative
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Table 1 Primers used for genes cloning and quantitative real-time PCR

Primer name

Sequence (5'-3")

Items

Nrf2-F

Nrf2-R

3’-RACE outer
Nrf2-F1

Nrf2-F2

5’-RACE outer
Nrf2-R1

Nrf2-R2

Nrf2-F3

Nrf2-R3
sch-miR-181a-5p-F
sch-miR-181a-5p-R

sch- miR-194a-F
sch-miR-194a-R
sch-miR-216a-F
sch-miR-216a-R
sch-miR-459-5p-F
sch-miR-459-5p-R
sch- miR-724-F
sch-miR-724-R
miR-181a-5p-F
miR-194a-F
miR-216a-F
miR-459-5p-F
miR-724-F
Nrf2-S

Nrf2-A

CAT-F

CAT-R
MnSOD-F
MnSOD-R
ZnSOD-F
ZnSOD-R
GPx-F

GPx-R

GR-F

GR-R

GSTA-F
GSTA-R
GST4A-F
GST4A -R
rpll3-F

rpl13-R

CTTTTGTCCCTTCCTGAG
TAGGTATTCCCCTTCTCATC
CTGATCTAGAGGTACCGGATCC
CCTGGTCCGAGACATACGC
CAGAACTGCCGCAAACGC
GACTCGAGTCGACATCG
GAATCGCTGTAAAGAAAGGAC
TTCGTCTGGCTAAGATTGTC
gegctAGCTTTAAAGCATTAGTAGC
gcctcgAGCTACACGAATAGTTTAT
GTTTTTGCTCACTTCTCTTGTAATATTTTTGATATT

AATATCAAAAATATTACAAGAGAAGTGAGCAA
AAAC
CTTTTGAGATTGATAAAATGTATGTGTGTGTGTATA

TATACACACACACATACATTTTATCAATCTCAAAAG
ATATGCATTACTCGCTTTGATAAAACTGTTACTGTA
TACAGTAACAGTTTTATCAAAGCGAGTAATGCATAT
TTTGAGATTGATAAAACTTATGTGTGTGTGTATATA
TATATACACACACACATAAGTTTTATCAATCTCAAA
CATATTTTATATAACTGTTGATTTGCTGCCCAGGTT
AACCTGGGCAGCAAATCAACAGTTATATAAAATATG
AACATTCAACGCTGTCGGTGAGT
TGTAACAGCAACTCCATGTGG
TAATCTCAGCTGGCAACTGTGA
TCAGTAACAAGGATTCATCCTG
TTAAAGGGAATTTGCGACTGTT
CTGGACGAGGAGACTGGA
ATCTGTGGTAGGTGGAAC
CGCAATCCCCAAACCCAC
TGGCGTAATCTGGGTTGGTG
ACACGCTCCCTGACCTGACA
GGCTCGCCTCCACCATTT
CCAGCGGGACCGTTTATTT
TTCTTGCCGTGGGGATTGT
GGGCTGGTTATTCTGGGC
AGGCGATGTCATTCCTGTTC
GTGTCCAACTTCTCCTGTG
ACTCTGGGGTCCAAAACG
TGGAGCACAAGTCACAGGAAG
TGCTGCGTAGGATTCATTCA
AGTCAATCCGCTGGCTTTT
CTGGGCTGAAGGGCAACA
CACAAGAAGGAGAAGGCTCGGGT
TTTGGCTCTCTTGGCACGGAT

CDS

CDS

3’-RACE

3’-RACE

3’-RACE

5’-RACE

5’-RACE

5’-RACE

3'-non-coding region (Nhel)
3'-non-coding region (Xhol)
Mutant

Mutant

Mutant

Mutant

Mutant

Mutant

Mutant

Mutant

Mutant

Mutant

RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR
RT-PCR

control (NC) using Lipofectamine™ 3000 Transfection
Reagent (Thermo Fisher) following the manufacturer’s in-
structions. The luciferase activity was performed using the

dual-luciferase reporter assay system (Promega; Madison,
WI) 48 h after the transfection as described previously. Each
sample was measured after adding firefly luciferase substrate
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(F), followed by measurement after the addition of Renilla
luciferase substrate (R). Nrf2 3> UTR relative expression
levels were extrapolated from the F/R ratio, as relative lucif-
erase activity (RLA) compared to the non-miRNA control.
Each experiment was set up with 5 parallel groups to eliminate
the accidental errors introduced in the operation as much as
possible. The mutant group data was pCMV-luc-Nrf2-Mut-
sch-miRNAs+pRL-CMV + sch-miRNA mimics/pCMV-luc-
Nrf2-Mut + pRL-CMYV + negative control. And the WT group
data was pCMV-luc-Nrf2 + pRL-CMV + sch-
miRNAsmimics/pCMV-luc-Nrf2 + pRL-CMV + negative
control.

Regulation of miR-181a-5p In vivo with Antagomirs

Chemically modified antisense oligonucleotides (antagomir)
was synthesized to regulate miR-181a-5p expression, which
showed the highest upregulation after 5 days starvation
(GenePharma, Jiangsu, China). The 3’-end of the oligonucle-
otides was conjugated to cholesterol to enable cell permeation,
and all the bases were 2’-OMe modified to increase stability
and specificity. The antagomir oligonucleotides were HPLC
purified. Juvenile Chinese perch weighing about 5 g received
muscle injection of saline (contained same doses of antagomir
negative control (CAGUACUUUUGUGUAGUACAA)) or
antagomir at a dose of 60 mg/kg body weight for twice times
(6 h and 24 h). The muscle tissues were collected 24 h after the
last injection for experimental analysis.

Statistical Analysis

Nrf2 and miRNAs expression levels were analyzed by one-
way ANOVA procedures using SPSS software. Duncan’s

Fig. 1 Schematic representation
of the structure of Nrf2 genes and

multiple range tests were used to compare the difference be-
tween the control and experimental groups. The luciferase
assay data also were analyzed by one-way ANOVA proce-
dures using SPSS software. Duncan’s multiple range tests
were used to compare the difference between the control and
experimental groups. The differences were considered to be
statistically significant when the P value was less than 0.05.
Data are shown as the means + SEM (n = 5). Correlation be-
tween the Nrf2-miRNAs expression was assayed with
Pearson’s correlation test (7).

Results

Cloning and the Spatial Expression of Nrf2 in the
Chinese Perch

The full-length cDNAs of the Nrf2 (accession number,
MT270449) was cloned with SMART RACE amplification
tools. As shown in Fig. 1, the Nrf2 cDNAs is 2398 bp long
including the 5'-non-coding region (5’-UTR) of 156 bp, an
open reading frame (ORF) of 1836 bp and 3’-non-coding re-
gion (3’-UTR) of 406 bp. The Chinese perch Nrf2 contained
the conserved bZIP_NFE2-like, bZIP_Maf, and BRLZ do-
mains (Fig. 1).

To assay its potential function, the tissue specific patterns
of Nrf2 expression were analyzed in Chinese perch by quan-
titative real-time PCR (qRT-PCR) in 8 different tissues includ-
ing the fast muscle, slow muscle, heart, liver, spleen, kidney,
gut, and brain tissues of normally fed juveniles. As showed in
Fig. 2, Nrf2 mRNAs is differentially expressed in the assayed
tissues and it is highly expressed in the liver and gut, followed

Nrf2

the 3°-UTR sequence of the Nrf2
of Chinese perch. Red line
represented its potential miRNAs

binding site

2398bp
| | ~——BRLZ 5.
\ bZIP_NFE2-like ! 761 1aa
—-_— bZIP Maf ——m
ATG o TAA
" a0ebp
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TATGGTACTGCATTATCATAGTAATACTATGCAATAACTTTGTAGTCTCTCA
GCTTTAAAGCATTAGTAGCTCAGCAGAACTATTGTATAGTTTTTGCTCACTTC
TCTTGAATGTTG;I."mTA1TTTTTGATATTTTACTTTTGTACTGATACCCTCAGAT
T(;TTTAA(.?(.7AATAT'I'A1'I'I'GTAAATATATGCATTA(:T(:G(:TT'I'TGAGA1'I'Gf.\;[‘A sika
wTGTATGTGTGTG'I’GTATATATATACATATATTGTATATTGTA
TATATCATATTTCTGTATGCTAATGATTGTI'TCAATCATTGTTACTCATATTTT
ATATMCTGTCCCT‘I'I'ATGATTTGCTGCCCAGGTTCTI‘I’TT‘I‘I’MAATCHGA

CTTAAGTGC’ITITCAATAAACTATTCGTGTAGCT
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Fig. 2 The relative expression of Nrf2 in various tissues from Chinese
perch. Error bars indicate the mean + SEM (n = 6). Different letters above
each bar indicate statistical difference (P < 0.05)

in the fast and slow muscles and the heart tissues with the
lowest expression in spleen.

Inverse Expression Patterns of Nrf2 mRNA and
miRNAs in the Chinese Perch Muscle After Starvation

We first set to determine the muscular expression level of each
miRNAs as well as of Nrf2 under normal feeding and starva-
tion conditions. We found that after 2 days starvation, mRNA
level of Nrf2 increased while those of the tested miRNAs
decreased. After 5 days starvation however, Nrf2 was down-
regulated and the miRNAs levels were upregulated.
Specifically, the levels of miR-194a and miR-459p were 4
and 8 times upregulated after 5 days starvation. Clearly,
Nrf2 transcript level was negatively correlated with miR-
181a-5p, miR-194a, miR-216a, miR-459-5p, and miR-724,

10
—e— Nrf2
O— miR-181a-5p
g | —v— miR-194a
—4&— miR-216a
5 —8&— miR-459-5p
s —0— miR-724
S
(=%
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Fig. 3 Comparative profiling of the Nrf2 and potential miRNAs
expression in skeletal muscle of Chinese perch after starvation. Error
bars indicate the mean + SEM (n = 6)

and the reverse-correlation was highly significant (» <—0.8)
(Figs. 3 and 4 and Table 2).

MiR-181a-5p/194a/216a/459-5p/724 Target the 3'-
UTR of Nrf2 mRNA

To determine whether miR-181a-5p/194a/216a/459-5p/724
directly interact with the 3’-UTR of the Nrf2 mRNA to inhibit
Nrf2 expression, the luciferase reporter assay were utilized. It
is worth noting that there was 9 bp site on the 3’-UTR of Nrf2
and it is predicted complementarily matching miR-181a-5p.
Chinese perch wild-type Nrf2 3’-UTR or mutant Nrf2 3’-
UTR, lacking the binding site (Fig. 5a) driving firefly lucifer-
ase expression constructs were transfected to HEK293T cells
along with the Renilla luciferase vector. As demonstrated in
Fig. 5b, the luciferase activity was significantly reduced
(P <0.05) when each of the miR-181a-5p/194a/216a/459-
5p/724 mimic was added, in the wild-type 3’-UTR Nrf2
wild-type constructs. These results confirm that miR-181a-
5p/194a/216a/459-5p/724 are able to negatively regulate
Nrf2 expression by targeting the 3’-UTR of Nrf2 mRNA.

The Role of miR-181a-5p Regulating Nrf2 Expression
in Chinese Perch Skeletal Muscle

Among the predicted miRNA targeted to Nrf2, we chose one
microRNA, miR-181a-5p to determine its role in regulating
Nrf2-Keap1 pathway in vivo. We designed a specific miRNA
antagomir to knock down the selected miRNA function.
When the miR-181a-5p antagomir was injected into juvenile
Chinese perch muscle tissues, the relative expression level of
miR-181a-5p was significantly decreased. However, when
treatment with miR-181a-5p antagomir, the mRNA level of
the Nrf2 and Keapl were significantly increased compared
with the control (Fig. 6). The effects of miR-181a-5p silencing
on antioxidant parameters in the muscle of juvenile Chinese
perch are summarized in Fig. 6. The expression levels of the
antioxidant enzymes CAT, ZnSOD, GPx, GSTA, and GSTA
genes also increased significantly (P < 0.05). The injection of
miR-181a-5p antagomir significantly increased the expression
of the antioxidant signal molecule Nrf2. These results indicate
that miR-181a-5p silencing could affect juvenile Chinese
perch in vivo, implying that miR-181a-5p interaction likely
play a role in modulating transcription levels of Nrf2 in a
Keap1l-independent pathway.

Discussion
In this study, we cloned the full-length cDNA sequences of
Nrf2 from Chinese perch (Sinipercachuatsi) and investigated

the expression profiles in various tissues. Nrf2 was highly
expressed in liver and gut followed with higher expression
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Fig. 4 Correlation of the Nrf2 and potential miRNAs expression in skeletal muscle of Chinese perch. The Pearson correlation identified the correlation

for the miRNAs and Nrf2 mRNA expression

in both fast and slow muscles, but the lowest expression in
spleen. The 3’-UTR of the Nrf2 sequence in Chinese perch is
406 bp in length and bioinformatic predicted binding sites for
miR-181a-5p/194a/216a/459-5p/724. Based on real-time
PCR analysis, the miR-181a-5p/194a/216a/459-5p/724 and
Nrf2 mRNA exhibited an opposite pattern of expression in
the normally fed and starvation Chinese perch muscle. The
luciferase reporter assay and the miR-181a-5p/194a/216a/
459-5p/724 suppression experiment further verified the direct
interaction between the miR-181a-5p/194a/216a/459-5p/724
and Nrf2 in vitro. The miR-181a-5p silencing results in an
increase in Nrf2 gene expression.

Nrf2 is a key transcription factor that regulates the expres-
sion of several antioxidant enzymes by binding to AREs in the
gene promoter (Yu and Kong 2007). Nrf2 can inhibit H202-
induced oxidative stress by activating Nrf2-dependent genes
in the liver and intestine of grass carp (Zhao et al. 2015).
According to earlier reports, it showed that the highly

Table 2 Correlation of

Nrf2 and miRNAs miRNAs Nrf2
transcript levels
miR-181a-5p —0.90
miR-194a -0.82
miR-216a -0.83
miR-459-5p —0.80
miR-724 —0.80

Parameter |r|>0.80 indicates strong
correlation
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expression of Nrf2 in grass carp intestine and liver (Zhao
etal. 2015, Wu et al. 2018) and Chinese perch skeletal muscle
(Wu et al. 2020) can effectively offset the oxidative stress
caused by ROS under nutrient stress environment. Our result
of Nrf2 high expression levels in the liver, gut, and skeletal
muscle supports the notion that it could plays an important
role in antioxidant signaling pathway to defend tissues against
oxidative insults. When exposed to external stress, Nrf2 levels
also increased in some tissues. In our early report, the effect of
long-term and short-term starvation on antioxidative signal
molecules (Nrf2, Keapl, mTOR, and S6K1) in the muscle
of juvenile Chinese perch can be confirmed that Nrf2 likely
play an active role in oxidative stress (Wu et al. 2020).
Interestingly, the mRNA levels of Nrf2 in Chinese perch skel-
etal muscle and cardiac muscle were not as prominent in the
liver and intestine compared to adult muscles. One possible
explanation that antioxidative response in juvenile muscle is
minor during the growth phase (Wu et al. 2018). This result is
in agreement with the expression patterns of Nrf2 in muscle of
another fish species, the grass carp during different growth
stages (Wu et al. 2018).

The dynamic functions of Nrf2 in Chinese perch, grass
carp, and soft-shelled turtle in the oxidative stress response
have been previously reported (Wu et al. 2020, Wen et al.
2015, Wang et al. 2020). As the typical Nrf2-target genes,
glutathione S-transferases (GSTs), glutathione (GSH), and su-
peroxide dismutase (SOD) can avoid oxidative damage when
oxidative stress occurs in the organism (Kobayashi and
Yamamoto 2005, Jaiswal 2004). However, the mechanism
by which upstream genes regulate Nrf2 expression needs to
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Nrf2 WT 5" GUUUUUGCUCACUUCUCUUGAAUGUUGUAAUA 3’
sch-miR-181a-5p 3° UGAGUGGCUGUCGCAACUUACAA'S’
Nrf2 Mut  5’GUUUUUGCUCACUUCUCU----nmmmmmmeae UGUAAUA 3’
Nrf2 WT 5 CUUUUGAGAUUGAUAAAACUGUUACUGUAUGU 3’
sch-miR-194a 3’ GGUGUAC CUCAACGACAAUGU 5’
Nrf2 Mut  S"CUUUUGAGAUUGAUAAAA-------—-eee UGUAUGU 3*
Nrf2 WT 5’ AUAUGCAUUACUCGCUUUUGAGAUUGAUAAAA 3’
sch-miR-216a 3’AGUGUCAACGGUCGACUCUAAU 5’
Nrf2 Mut  S’AUAUGCAUUACUCGCUUU--------------- GAUAAAA 3
Nrf2 WT 5’ UUUGAGAUUGAUAAAACUGUUACUGUAUGUGU 3’
sch-miR-459-5p 3’ GUCCUACUUAGGA ACAAUGACU 5°
Nrf2 Mut  S"UUUGAGAUUGAUAAAACU -----memmeeeeee UAUGUGU 3*
Nrf2 WT 5’ CAUAUUUUAUAUAACUGUCCCUUUAUGAUUUG 3’
sch-miR-724 3’'UUGUCAGCGUUUAAGGGAAAUU 5’
Nrf2 Mut  5S’CAUAUUUUAUAUAACUGU----------mne- UGAUUUG 3’

(a)

Fig. 5 miR-181a-5p/194a/216a/459-5p/724 targets the 3’-UTR of Nrf2
mRNA. a Schematics of Nrf2 mRNA 3'UTR and its potential mil81a-5p/
194a/216a/459-5p/724 binding site. Nrf2 3’-UTR mutant was generated
with point mutations in the miR181a-5p/194a/216a/459-5p/724 binding
site. b HEK293T cells transfected with wild-type (WT) or mutant Nrf2

be further elucidated. Increasing evidence shows that many
miRNAs can regulate Nrf2 activity by targeting the expression
of proteins involved in the Nrf2 pathway and participated in
oxidative stress processes. Some miRNAs regulate the Nrf2
pathway by directly targeting Nrf2. For example, miR-101,
miR-93, miR-28, miR-129, miR-450-5p, and miR-153 can
target Nrf2 mRNA and downregulate Nrf2 protein expression
(Yang et al. 2011, Dong et al. 2019, Sajadimajd and Khazaei
2018). Analysis of miRNAs in erythrocytes shows that miR-
144 inhibits Nrf2 expression, leading to reduced levels of
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Fig. 6 qRT-PCR showing the fold changes in mRNA levels after miR-
181a-5p antagomir injection of juvenile Chinese perch skeletal muscle
compared with control group. Error bars indicate the mean += SEM (n = 5).

A single asterisk above each bar indicates statistical difference (P < 0.05)
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(b)

mRNA 3°-UTR reporter plasmids with vehicle control or miRNA
mimics. The relative luciferase activities were calculated by normalizing
to that of vehicle controls. Error bars indicate the mean + SEM (n=5). A
single asterisk above each bar indicates statistical difference (P < 0.05)

antioxidant targets, which is associated with severe anemia
(Sangokoya et al. 2010). Overall, it looks like miRNAs
targeting Nrf2 are tissue- and species-specific. Since the role
of miRNAs in the regulation of Nrf2 expression in Chinese
perch remains largely unclear, we set decipher this aspect.
Through the prediction of http://www.targetscan.org/fish_ 62/
in zebrafish, we found that miRNA-216a/b and miRNA-181
have a matching relationship with the zebrafish Nrf2b
(Accessionnumber: ENSDARG00000089697) gene. Our
study is the first to propose that miR-181a-5p/194a/216a/
459-5p/724 regulates Nrf2 expression at the post-
transcriptional level by binding to the 3’-UTR of Nrf2
mRNA and resulting in Nrf2 mRNA decline in Chinese perch
muscle after starvation. In the 2 days short-term starvation, the
upstream inducer of miRNAs were silencing, while the target
gene Nrf2 was significantly expressed. However, Nrf2 is
inhibited by the upstream miRNAs, making the antioxidant
effect in the oxidative stress response ineffective after the
long-term starvation in juvenile Chinese perch. Meanwhile,
after miR-181a-5p antagomir injection, the increasing of
Nrf2 gene expression level directly leads to the activation of
downstream antioxidant genes, and the ability to resist oxida-
tive injury is significantly improved. This is consistent with
the results reported earlier on zebrafish and fish brain, exces-
sive levels of metal ions (Cd and Cu) binding to the AREs
sites of Nrf2 led to the activation of downstream antioxidant
genes (GSH, GST, and SOD) and enhanced the ability to
antioxidant capacity. Especially in the highly metal contents,
the metal ions (Cd and Cu) can increase the expression of
antioxidant genes by combining with the AREs of Nrf2, there-
by enhancing the ability to decrease oxidative injury in
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zebrafish and fish brain (Jiang et al. 2014, Wang and
Gallagher 2013). Our research further suggested a mechanism
by which miRNAs can regulate the degradation of Nrf2 in
Chinese perch muscle induced by oxidative autophagy under
starvation conditions.

Nrf2 expression can be regulated by Keap1-dependent and
Keapl-independent mechanisms. Nrf2 is regulated by aryl
hydrocarbon receptor (AHR) transcription (Kwak et al.
2002). In addition, studies have shown that ectoderm
Eurasian cortex 1 (ENCI) inhibits Nrf2 expression in a man-
ner independent of Keapl by reducing Nrf2 protein synthesis
without affecting Nrf2 transcription or ubiquitination of Nrf2
protein (Wang et al. 2009). Prior to this, studies have shown
that miR-28 targets the 3’-UTR of Nrf2 mRNA and causes the
degradation of Nrf2 mRNA, which affects normal human
breast epithelial cells and breast cancer cells through a
Keapl-independentmechanism (Yang et al. 2011).
Meanwhile, there are some researchers reported that miR-
181a-5p plays a role in Wnt/{3-catenin signaling for muscle
growth (Sun et al. 2019, Waki et al. 2016). In our research, the
upregulation of Nrf2 mRNA in response to miRNA
antagomirs suggested that miR-181a-5p may be also direct,
independent of changes in Keapl expression or Keapl/Nrf2
interaction in Chinese perch skeletal muscle. Our future stud-
ies will aim at determining the exact mechanism by which
miR-181a-5p mediates Nrf2 ubiquitination and degradation
pathway.

Conclusions

In summary, our studies found that miR-181a-5p/194a/216a/
459-5p/724 may regulate Nrf2 expression by targeting the
Nrf2 3°-UTR region and through miR-181a-5p suppression

Starvation

l

miR-181a-5p/194a/216a/459-5p/724

antioxidant
enzyme

Fig. 7 A diagram illustrating possible pathways that the putative
miRNA-Nrf2 network regulates the antioxidant effects of Nrf2 in juvenile
Chinese perch skeletal muscle

Antioxidant gene expreulol

Nucleus
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with specific antagomir treatment could increase Nrf2 and
antioxidant genes expression. Our results provide new in-
sights into the role of miR-181a-5p/194a/216a/459-5p/724
in the regulation of Chinese perch muscle genes (Fig. 7) and
revealed new mechanisms in regulating Nrf2 expression,
which may provide implications for oxidative stress-
mediated autophagy and may help develop a potential appli-
cation in fish aquaculture.
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