SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

miR-582-bp targets Skpl1 and regulates NF-kB
signaling—-mediated inflammation

Z, RE

https://hdl.handle.net/2324/7157310

HARIEHR : Kyushu University, 2023, X (%) , BREEL
N—=I3
YEFIBI{% : Creative Commons Attribution 4.0 International

.

W KYUSHU UNIVERSITY




Archives of Biochemistry and Biophysics 734 (2023) 109501

Contents lists available at ScienceDirect

Archives of Biochemistry and Biophysics

ELSEVIER journal homepage: www.elsevier.com/locate/yabbi g

Check for

miR-582-5p targets Skp1 and regulates NF-kB e
signaling-mediated inflammation

Rongzhi Li“, Tomomi Sano ™, Akiko Mizokami ¢, Takao Fukuda® Takanori Shinjo?,
Misaki Iwashita ?, Akiko Yamashita ?, Terukazu Sanui®, Yusuke Nakatsu“, Yusuke Sotomaru®,
Tomoichiro Asano “, Takashi Kanematsu ", Fusanori Nishimura *

2 Department of Periodontology, Division of Oral Rehabilitation, Faculty of Dental Science, Kyushu University, Fukuoka, Japan

Y Department of Cell Biology, Aging Science, and Pharmacology, Division of Oral Biological Sciences, Faculty of Dental Science, Kyushu University, Fukuoka, Japan
¢ Oral, Brain and Total Health Science, Faculty of Dental Science, Kyushu University, Fukuoka, Japan

4 Department of Biological Chemistry, Institute of Biomedical and Health Sciences, Hiroshima University, Hiroshima, Japan

€ Natural Science Center for Basic Research and Development, Hiroshima University, Hiroshima, Japan

ARTICLE INFO ABSTRACT

Handling Editor: Dr H Forman A well-tuned inflammatory response is crucial for an effective immune process. Nuclear factor-kappa B (NF-kB) is
a key mediator of inflammatory and innate immunity responses, and its dysregulation is closely associated with

Keywords: immune-related diseases. MicroRNAs (miRNAs) are important inflammation modulators. However, miRNA-

Inflammation regulated mechanisms that implicate NF-kB activity are not fully understood. This study aimed to identify a

microRNA

. potential miRNA that could modulate the dysregulated NF-«B signaling during inflammation. We identified miR-
x;igsjgizlmg 582-5p that was significantly downregulated in inflamed murine adipose tissues and RAW264.7 cells. S-phase
SKP1 kinase-associated protein 1 (SKP1), a core component of an E3 ubiquitin ligase that regulates the NF-kB pathway,

was proposed as a biological target of miR-582-5p by using TargetScan. The binding of miR-582-5p to a 3'-
untranslated region site on Skpl was confirmed using a dual-luciferase reporter assay; in addition, transfection
with a miR-582-5p mimic suppressed SKP1 expression in RAW264.7 cells. Importantly, exogenous miR-582-5p
attenuated the production of pro-inflammatory cytokines such as tumor necrosis factor-alpha, interleukin-1 beta,
and interleukin-6 through suppressing the degradation of the NF-kB inhibitor alpha, followed by the nuclear
translocation of NF-kB. Therefore, exogenously applied miR-582-5p can attenuate the NF-kB signaling pathway
via targeting Skpl; this provides a prospective therapeutic strategy for treating inflammatory and immune
diseases.

myeloid differentiation primary response gene 88 (MyD88)-dependent
nuclear factor-kappa B (NF-kB) pathway [5]. NF-xB signaling is a pro-
totypical pro-inflammatory signaling pathway regulating the expression
of a wide range of genes associated with immune and inflammation
responses [1,6,7]. Dysregulation of NF-kB signaling causes various dis-
eases, including obesity. In obese adipose tissue, the activation of NF-xB
signaling in accumulated macrophages upregulates the expression of
several pro-inflammatory genes such as TNF-a, interleukin-1p (IL-1p),
and interleukin-6 (IL-6); this promotes a chronic systemic low-grade
inflammation [8], thereby suppressing insulin action. Thus, obese adi-
pose tissue provides a suitable model for the investigation of NF-kB
dysregulation. Therefore, identifying the novel molecular mechanism
regulating the NF-kB signaling pathway is important for treating
inflammation-associated diseases.

1. Introduction

Inflammation is a protective response against harmful stimuli. A
well-orchestrated inflammatory process is crucial for maintaining ho-
meostasis. However, a dysregulated and prolonged inflammatory
response is responsible for the pathogenesis of various diseases, such as
obesity [1-3].

Macrophages play important roles in inflammation through the
production of inflammatory cytokines such as tumor necrosis factor-a
(TNF-a) [4]. Pattern recognition receptor (PRR), which recognizes
pathogen-associated molecular patterns, activates macrophages. The
PRR Toll-like receptor 4 (TLR4) senses the gram-negative bacterial outer
membrane component lipopolysaccharide (LPS) and initiates the
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Abbreviations

3-UTR  3'-untranslated region

BTrCP  beta transducin repeat-containing protein
CUL1 cullin 1

DMEM  Dulbecco’s modified Eagle medium

ELISA  enzyme-linked immunosorbent assay
eWAT  epididymal white adipose tissue

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HFD high fat diet;

IxBa nuclear factor of kappa light polypeptide gene enhancer in
B-cells inhibitor, alpha

IL-1B interleukin-1 beta

IL-6 interleukin-6
LPS lipopolysaccharide;
MAF mature adipocytes fraction

miRNA  microRNA

mRNA  messenger RNA

MyD88 myeloid differentiation primary response gene 88
NC-miR mimic negative control microRNA mimic

ND normal diet;

NF-xB nuclear factor-kappa B

PBS phosphate-buffered saline;

PRR pattern recognition receptor

qPCR quantitative PCR

Rbx1 ring-box 1

SCF SKP1-CUL1-F-box protein

siRNA  small interfering RNA

SKP1 S-phase kinase-associated protein 1
SVF stromal vascular fraction

TLR Toll-like receptor

TNF-a  tumor necrosis factor-alpha

In resting cells, the NF-kB heterodimer p65/p50 binds to the NF-xB
inhibitor alpha (IkBa) and remains inactive in the cytoplasm. Upon
stimulation, signal transduction activates the IkB kinase complex to
phosphorylate IxkBa. Phosphorylated IkBa is polyubiquitinated by an E3
ubiquitin ligase, and the polyubiquitinated IkBa is subsequently
degraded by the 26S proteasome [9]. This polyubiquitination process is
regulated by S-phase kinase-associated protein 1 (SKP1) - cullin 1
(CUL1) - F-box protein (SCF E3 ligase complex) [10]. IkB kinase phos-
phorylates p65, and the NF-xB heterodimer p65/p50 is rapidly trans-
located into the nucleus, where it upregulates the transcription of target
genes such as TNF-a, IL-1f, and IL-6 [9,11].

MicroRNAs (miRNAs) are endogenous small non-coding RNAs
(20-24 nucleotides) that are highly conserved through evolution [12].
miRNAs post-transcriptionally regulate protein expression through
complementary binding to the 3’-untranslated region (3'-UTR) of its
target messenger RNA (mRNA). miRNAs play important regulatory roles
in many biological processes and contribute to various pathologies,
including inflammatory diseases, metabolic disorders, and tumors
[12-14]. miRNAs are closely associated with NF-kB signaling [15].
miR-146a-5p attenuates liver fibrogenesis [16] and inflammation [17,
18] by suppressing the expression of interleukin-1 receptor-associated
kinase 1 and TNF receptor-associated factor 6, which function in
LPS-stimulated NF-kB pathway. miR-27a blocks the activation of NF-kB
signaling by targeting the TLR4 gene [19].

In this study, we identified a novel miRNA, miR-582-5p, which is
downregulated in inflamed macrophages and regulates NF-kB signaling
during inflammation. Transfection of RAW264.7 cells, murine macro-
phage cells, with the miR-582-5p mimic attenuated LPS-induced acti-
vation of NF-«kB signaling followed by cytokine production by targeting
the Skp1 gene. This novel miRNA is a therapeutic target for treating NF-
kB signaling-mediated inflammation.

2. Materials and methods
2.1. Mice

Eight-week-old male C57BL/6J mice were obtained from the Natural
Science Center for Basic Research and Development of Hiroshima Uni-
versity. Mice were randomized into experimental groups and fed either a
normal diet with 5% fat (ND, Oriental Yeast Co., Tokyo, Japan) or a 60%
kcal high-fat diet (HFD, Oriental Yeast Co.) ad libitum for eight weeks.
Changes in body weight and food intake were monitored as described
previously [20]; the mice were sacrificed at 16 weeks of age.

All procedures were approved by the Institutional Animal Care and
Use Committee of Hiroshima University (permission number: A22-65),
and the animals were maintained following the Guide for Hiroshima

University Animal Experimentation Regulation.
2.2. Cell culture and stimulation

The murine macrophage cell line, RAW264.7, was obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA). The cells
were cultured in Dulbecco’s modified Eagle medium (DMEM, Nacalai
Tesque, Kyoto, Japan) supplemented with 10% fetal bovine serum (FBS,
Sigma Aldrich, Saint Louis, MO, USA) and 1% penicillin-streptomycin
(Nacalai Tesque), as described earlier [21]. The cells were cultured in
an incubator at 37 °C in a humidified 5% CO5 atmosphere.

Murine 3T3-L1 preadipocytes (ATCC) were cultured in DMEM con-
taining 10% FBS and 1% penicillin-streptomycin. The differentiation
procedure of 3T3-L1 cells was performed as previously described [18].
Briefly, once the 3T3-L1 fibroblasts reached confluence, differentiation
was induced with 4 pg/mL dexamethasone (Sigma Aldrich), 0.5 mM
3-isobutyl-1-methylxanthine (Sigma Aldrich), and 200 nM insulin (Cell
Science & Technology Institute, Sendai, Japan). At 48 h after the in-
duction of differentiation, the medium was replaced with DMEM con-
taining 10% FBS and 1 pM insulin every 2-3 days until the harvest of the
cells.

Mouse bone marrow cells were isolated from femurs and tibiae of six-
week-old male C57BL/6J mice and differentiated into bone marrow-
derived macrophages in an a-minimal essential medium (Nacalai Tes-
que) supplemented with 50 ng/mL macrophage colony-stimulating
factor (Wako, Osaka, Japan) for six days, as described previously [22].
The cells were cultured and then treated or not treated with 1 ng/mL
Escherichia coli LPS (Sigma Aldrich) for the indicated times.

2.3. Isolation of adipose tissue fraction

To isolate the cells of the mature adipocyte fraction (MAF) and
stromal vascular fraction (SVF), epididymal white adipose tissue
(eWAT) was obtained from ND- or HFD-fed mice, minced, and digested
in phosphate-buffered saline (PBS) containing 1 mg/mL collagenase
(Sigma Aldrich) at 37 °C on a shaker until fully dissociated. The cell
suspensions were filtered through a nylon strainer with a pore size of 70
pm (BD Biosciences, Bedford, MA, USA). The flow-through with cells
was centrifuged at 500xg for 5 min at 25 °C. The floating mature adi-
pocytes were collected as MAF. The remaining SVF cell pellet was
resuspended in PBS and then pelleted (centrifugation, 500xg, 5 min,
25 °QC).

2.4. Transient transfection

Cells were seeded in 6-well or 12-well plates at 50-60% confluence
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before transfection. A miR-582-5p mimic or a control mimic and a small
interfering RNA (siRNA) targeting Skp1 or control siRNA (Supplemen-
tary Table S1) were transfected into RAW264.7 cells using Lipofect-
amine RNAIMAX (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s instructions. The transfection was validated after 24 h
by assessing the levels of the transfected miRNA or siRNA target using
quantitative PCR (qPCR) or western blotting.

2.5. RNA isolation and qPCR

The total RNA content from cells or tissues was isolated and purified
using ISOGEN II (Nippon Gene, Tokyo, Japan), following the manufac-
turer’s protocol. Cells were lysed with ISOGEN II after carefully rinsing
twice with PBS. The WAT samples preserved using RNAlater Stabiliza-
tion Solution (Invitrogen) were gradually thawed on ice prior to the
immediate homogenization in ISOGEN II using a tissue sonic homoge-
nizer. RNA purity and concentration were measured using a micro-
volume spectrophotometer, NanoDrop Lite (Thermo Fisher Scientific,
Waltham, MA, USA).

For mRNA quantification, 500 ng of total RNA was reverse tran-
scribed to cDNA using the PrimeScript Master Mix reagent (Takara Bio,
Shiga, Japan). LUNA Universal gPCR Master Mix (New England Biolabs,
Ipswich, MA, USA) was used for the qPCR analysis on a StepOnePlus
Real-Time System (Applied Biosystems, Foster, CA, USA) under the
following conditions: 95 °C for 60 s, followed by 40 cycles of 95 °C for
15 s and 60 °C for 30 s.

For miRNA quantification, 500 ng of total RNA was reverse tran-
scribed using the miScriptIl RT Kit (Qiagen, Hilden, Germany). MiScript
SYBR Green PCR Kit and the miScript miRNA Primer Assay (Qiagen)
were used to measure miRNA expression using a mmu-miR-582-5p
primer (Supplementary Table S2).

The relative amounts of mRNA and miRNA were assessed using the
2742Ct method. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
and U6 small nuclear 6 (RNU6-6P) were used as endogenous controls for
mRNA and miRNA, respectively. The primer sequences used in this
study are listed in Supplementary Table S2.

2.6. Protein isolation and western blotting

For cytoplasmic protein isolation, conditioned cells were carefully
washed twice with ice-cold PBS and were immediately lysed in 150 pL of
CytoBuster (Novagen, Madison, WI, USA) supplemented with protease
and/or phosphatase inhibitor cocktails (Nacalai Tesque), as described
previously [23].

For nuclear protein extraction, NE-PER nuclear and cytoplasmic
extraction reagent kit (Thermo Fisher Scientific) was used following the
manufacturer’s protocol. Low protein binding microcentrifuge tubes
(Sarstedt, Tokyo, Japan) were used to minimize protein loss during the
sample preparation, and all procedures were performed on ice. Protein
concentrations were quantified using Bradford assay (Bio-Rad, Hercules,
CA, USA); protein concentration-matched lysates were denatured at
70 °C for 30 min. An equal amount of protein was separated by elec-
trophoresis using 10%, 12%, or 15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto poly-
vinylidene difluoride membranes (Merck Millipore, Burlington, MA,
USA). The membranes were blocked with Blocking One solution
(Nacalai Tesque) and then incubated with individual primary antibodies
for 1 h at room temperature or overnight at 4 °C. Next, the membranes
were incubated with a secondary antibody for 1 h at room temperature.
The blotted membranes were visualized using Chemi-Lumi One Super
(Nacalai Tesque), and digital images were obtained using ImageQuant
LAS 4000 Mini (GE Healthcare Life Sciences, Uppsala, Sweden). The
band intensities were quantified using the ImageJ software (National
Institutes of Health, Bethesda, MD, USA). All antibodies used are listed
in Supplementary Table S3.
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2.7. Engyme-linked immunosorbent assay (ELISA)

To assess the secretion of TNF-«a, IL-6, and IL-1f from macrophages
following stimulation with LPS, the cell culture supernatants were
collected and centrifuged at 9200xg at 4 °C for 5 min. Cytokine con-
centrations were determined using ELISA MAX Deluxe Set Mouse TNF-a,
IL-6, or IL-1f kit (Biolegend, San Diego, CA, USA) according to the
manufacturer’s instructions.

2.8. Immunofluorescence staining

After the respective treatments, the cells were fixed with 4% para-
formaldehyde phosphate buffer solution (PFA, Nacalai Tesque) for 30
min at room temperature. The fixed cells were treated with 0.5% Triton
X-100 (Junsei, Tokyo, Japan) for 15 min to permeabilize the cells. The
treated cells were blocked with 3% bovine serum albumin in PBS for 1 h
at room temperature and stained with primary anti-SKP1 (1:500) or anti-
p65 antibodies (1:1000) overnight at 4 °C. Alexa Fluor 488-conjugated
goat anti-mouse or anti-rabbit IgG (Invitrogen) was used as the sec-
ondary antibody, and the membranes were incubated in the dark for 1 h
at room temperature. The slides were mounted with DAPI-Fluoromount-
G (SouthernBiotech, Birmingham, AL, USA). SKP1 images were captured
using an all-in-one fluorescence microscope (BZ-X800, KEYENCE,
Osaka, Japan), and p65 images were captured using a Nikon C2 confocal
microscope (Nikon, Tokyo, Japan). The antibodies used are listed in
Supplementary Table S3.

2.9. Dual-luciferase reporter gene assay

The fragment of Skp1 3'-UTR (WT) and its corresponding mutated
sequences (MUT), designed by converting the miR-582-5p binding
sequence 3'-ATGTCA to 3'-ACTCAA, were synthesized and cloned into
the pmirGLO dual-luciferase miRNA Target Expression Vector (Prom-
ega, Madison, WI, USA) termed Skpl-3'-UTR-WT (5-AAAC-
TAGCGGCCGCTAGTACTGTAT) and Skp1-3'-UTR-MUT (5'-
AAACTAGCGGCCGCTAGTAACTCAT), respectively. The plasmids were
co-transfected with the miR-582-5p mimic or control miRNA into
RAW264.7 cells using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s instructions. The luciferase activity was measured using
Firefly & Renilla Luciferase Single Tube Assay Kit (Biotium, Fremont,
CA, USA) and Lumat LB9508 (EG & G Berthold, Gaithersburg, MD, USA)
48 h after transfection, in line with the manufacturer’s protocol. The
relative luciferase activity of each sample was normalized to the activity
of Renilla luciferase.

2.10. miRNA microarray analysis

Eight-week-old male C57BL/6J mice were randomized into experi-
mental groups (n = 3 mice/group) and fed with either an ND or HFD for
eight weeks. Total RNA content, including miRNAs of eWAT from the
same group, was extracted using a miRNesy mini kit (Qiagen) and mixed
as one sample for each group. Comprehensive miRNA expression anal-
ysis was performed using 3D-Gene Mouse miRNA (Ver.21) chips ac-
cording to the protocols provided by Toray Industries (Tokyo, Japan).
The annotation and oligonucleotide sequences of the probes conformed
to the miRBase Release 21 database (http://microrna.sanger.ac.uk/s
equences/). After repeated cycles of stringent wash steps, fluorescence
signals were scanned using the 3D-Gene Scanner and analyzed using the
3D-Gene Extraction software, according to the manufacturer’s protocols
(Toray Industries). The raw data of each given miRNA was normalized
by substitution with the mean intensity of the background signal
determined by all the blank spots’ signal intensities at 95% confidence
intervals. Measurements of spots with signal intensities greater than two
standard deviations (SDs) of the background signal intensity were
considered to be valid. The relative expression level of a given miRNA
was calculated by comparing the signal intensities of the valid spots
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Fig. 1. High-fat diet-induced adipose tissue inflam-
mation reduces the expression of miR-582-5p in
macrophages. (A-C) Eight-week-old male C57BL/6J
mice were fed with a normal diet (ND) or high-fat diet
(HFD) ad libitum for eight weeks to induce a diet-
induced obesity model. At 16 weeks of age, epidid-
ymal white adipose tissue (eWAT) was harvested for
miRNA isolation, followed by microarray analysis.
Heatmap of selected downregulated miRNAs in the
eWAT of HFD-fed mice detected using microarray
assay (A). Each point represents the value calculated
using global normalization. Red and green colors
represent high and low expression, respectively. The
ratio is expressed as the calculated value of the HFD-
fed group vs. that of the ND-fed group. Quantitative
real-time PCR (qPCR) analysis of miR-582-5p abun-
dance in eWAT (B) or the mature adipocyte fraction
(MAF) and the stromal vascular fraction (SVF) of
eWAT (C) from the ND- or HFD-fed mice. (D, E) miR-
582-5p abundance in the bone marrow-derived mac-
rophages from 6-week-old male C57BL/6J mice (D)
or in undifferentiated and differentiated 3T3-L1 cells
or RAW264.7 cells (E). Cells were incubated with or
without LPS for 2 h (represented as LPS and Control
in the graphs, respectively), and then miR-582-5p
expression was analyzed using qPCR. RNU6-6P was
used as the internal reference gene (B-E). The bar
graph represents the mean + SD (B-D: n = 3 for each
group; E: n = 3 for each of the undifferentiated and
differentiated 3T3-L1 cells or RAW264.7 cells). *p <
0.05, **p < 0.01 between the indicated bars of two
groups (Student’s t-test). (For interpretation of the
references to color in this figure legend, the reader is
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throughout the microarray experiments. The normalized data were
globally normalized per array, such that the median of the signal in-
tensity was adjusted to 25. The obtained miRNA expression profile data
were deposited to the Gene Expression Omnibus database in NCBI (GSE
accession: GSE216923).

2.11. Statistical analysis

All experiments were performed in triplicate. Statistical analyses
were performed using JMP Pro 16 software (SAS Institute, Cary, NC,
USA). Paired analyses were performed using Student’s t-test, while
multiple group analyses were performed using Tukey-Kramer’s HSD
test. Values are presented as mean + SD. A p-value<0.05 was considered
statistically significant.

3. Results

3.1. High-fat diet-induced adipose tissue inflammation reduces the
expression of miR-582-5p in macrophages

To identify novel miRNAs that regulate obesity-induced inflamma-
tion in adipose tissues, we performed miRNA microarray analysis using
the RNA of eWAT obtained from the HFD- or ND-fed mice. The pheno-
types of the mice used are listed in Supplementary Fig. S1. We identified
miRNAs that were downregulated in the eWAT of HFD-fed mice
compared with that in their ND-fed littermates (Fig. 1A). Among these
miRNAs, we observed that miR-582-5p was the most downregulated
(0.34-fold) in the eWAT of the HFD-fed mice compared to that in their
ND-fed littermates. miR-582-5p is involved in inflammatory processes
[24,25]. However, the detailed mechanism remains unclear. Therefore,
we examined the role of miR-582-5p in regulating inflammation.

Undiffrentitated Differentiated
3T3-L1

referred to the Web version of this article.)
RAW264.7

miR-582-5p expression was significantly lower in the eWAT from the
HFD-fed mice than that in that from the ND-fed mice (Fig. 1B). To
determine the cellular source of miR-582-5p decrease in obesity, we
fractionated eWAT into MAF and SVF. The expression of miR-582-5p
was markedly downregulated in the SVF of eWAT obtained from HFD-
fed mice, while there was no significant expression change in miR-
582-5p in the MAF (Fig. 1C). We evaluated the miR-582-5p expression
in bone marrow-derived macrophages; miR-582-5p expression was
downregulated in LPS-treated macrophages (Fig. 1D).

We further examined miR-582-5p expression in 3T3-L1 pre-
adipocytes, differentiated 3T3-L1 adipocytes, and RAW264.7 cells
(murine macrophage cells). Following stimulation with LPS, neither
3T3-L1 preadipocytes nor differentiated 3T3-L1 adipocytes displayed a
significant change in miR-582-5p expression (Fig. 1E). Meanwhile, the
expression of miR-582-5p in RAW264.7 was significantly attenuated
(Fig. 1E). Therefore, miR-582-5p could play a potential role in the
regulation of LPS-induced inflammatory process in macrophages.

3.2. miR-582-5p attenuates LPS-induced inflammatory cytokine
production in RAW264.7 cells

Next, we examined the effect of miR-582-5p on the production of
cytokines such as TNF-a, IL-1f, and IL-6 in RAW264.7 cells. The miR-
582-5p mimic significantly inhibited the LPS-induced transcription
(Fig. 2A) and protein (Fig. 2B) expression of TNF-a, IL-1p, and IL-6 in
RAW264.7 cells. The concentrations of TNF-a, IL-1f, and IL-6 in the
culture medium were also reduced (Fig. 2C). Therefore, miR-582-5p
could ameliorate the production of inflammatory cytokines in
macrophages.
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A Fig. 2. miR-582-5p attenuates LPS-induced inflam-
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3.3. Skpl is a direct target of miR-582-5p

We used TargetScan (release 7.2) to predict the potential candidate
targets of miR-582-5p. We screened several genes related to the NF-xkB
signaling pathway, a major signaling pathway involved in inflammatory
responses. Their expression in RAW264.7 cells transfected with a miR-
582-5p mimic or a negative control microRNA (NC-miR) mimic was
measured. Exogenous miR-582-5p significantly suppressed the mRNA
expression of Skp1 but not that of other potential target genes compared
to their expression in the control (Supplementary Fig. S3A). In contrast,
the miR-582-5p inhibitor significantly increased SkpI expression (Sup-
plementary Fig. S3B).

A putative binding site for miR-582-5p within the 3’-UTR sequence
of Skpl was identified using TargetScan (Fig. 3A). Dual-luciferase re-
porter assay was used to confirm the physical binding of miR-582-5p to
the Skp1 mRNA. Inserts harboring the predicted Skp1 wildtype sequence
(Skp1-WT) and its mutated sequence (Skpl-Mut) were cloned into a
luciferase reporter vector. Co-transfection of SkpI1-WT with the miR-
582-5p mimic in RAW264.7 cells showed a significant decrease in the
relative luciferase activity compared with that in the negative control
microRNA mimic (NC-miR mimic) group. This was not observed in the
experiments using Skp1-Mut (Fig. 3B). This confirmed the preferential
binding of miR-582-5p to the 3'-UTR site on SkpI. In most cases, there
was an inverse correlation between miRNAs and their target mRNAs;
therefore, the mRNA expression of Skp1 in LPS-stimulated RAW264.7
cells was measured. SkpI mRNA expression was markedly upregulated

in LPS-stimulated RAW264.7 cells (Supplementary Fig. S3C).

We evaluated the SKP1 expression in RAW264.7 cells transfected
with the miR-582-5p mimic using immunofluorescence staining and
western blotting. The signal intensity of SKP1 was lower in RAW264.7
cells transfected with the miR-582-5p mimic than in cells transfected
with the NC-miR mimic (Fig. 3C, the DAPI [blue] images are shown in
Supplementary Fig. S3D). SKP1 expression was significantly reduced in
RAW264.7 cells transfected with miR-582-5p mimic (Fig. 3D).

To determine whether miR-582-5p affects the other components of
SCFPT™P  the SCF complex that plays a crucial role in NF-kB signaling (i.
e., polyubiquitination of phospho-IkBa), we examined the effects of the
miR-582-5p mimic on the expression of these components, such as beta
transducin repeat-containing protein (BpTrCP), CUL1, and ring-box 1
(RBX1). However, miR-582-5p had no effect on their expression (Sup-
plementary Fig. S4). We could not identify any potential binding sites for
miR-582-5p in these genes using TargetScan analysis. Therefore, among
the components of SCF*T™" ubiquitin E3 ligase complex, only SKP1 was
regulated by miR-582-5p.

3.4. Silencing of Skp1 and expression of miR-582-5p suppresses LPS-
induced NF-xB signaling pathway

SKP1 is an integral component of the SCF ubiquitin E3 ligase; it
functions as the adaptor protein responsible for connecting CUL1 and
the various F-box proteins for the formation of the SCF complex. It
functions in the ubiquitin-mediated degradation of IxBx in the canonical
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Fig. 3. Skpl is a direct target of miR-582-5p. (A) Sequence alignment of the potential miR-582-5p binding sites (in red letters) on S-phase kinase-associated protein 1
(Skp1, NM_011543.4) 3'-UTR was predicted using TargetScan (release 7.2) analysis. (B) The luciferase reporter vectors containing the wildtype miR-582-5p binding
sites of Skp1 (SkpI1-WT) or a mutated Skp1 sequence (Skp1-Mut) were co-transfected with the negative control microRNA mimic (NC-miR mimic, 20 nM) or miR-582-
5p mimic (20 nM) into RAW264.7 cells. After 48 h, firefly luciferase activity in each sample was measured and normalized to the control (Renilla) luciferase activity.
(C, D) RAW264.7 cells were transfected with the NC-miR mimic (20 nM) or miR-582-5p mimic (20 nM) for 24 h. Representative images of immunofluorescence
staining for endogenous SKP1 (green) from three independent assays (C). DAPI (blue) images are presented in Supplementary Fig. S3D. Scale bar = 20 pm. SKP1
expression was analyzed using western blotting (D). A set of representative blots from three independent experiments are shown. Two other data sets are presented in
Supplementary Fig. S3E p-actin was used as the loading control. Bar graphs represent the mean + SD (B, D: n = 3 for each group). *p < 0.05, ***p < 0.001 between
the indicated bars of two groups (Student’s t-test). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

NF-kB signaling pathway (Fig. 4A). To evaluate the role of SKP1 in NF-
kB signaling, RAW264.7 cells were transfected with siRNA specific for
SKP1 (si-Skp1) and stimulated with LPS for 90 min Skpl silencing
inhibited LPS-induced degradation of IxkBa and phosphorylation of NF-
kB p65 (Fig. 4B), along with the nuclear translocation of NF-kB p65
(Fig. 4C).

To investigate the biological functions of miR-582-5p in NF-kB
signaling, RAW264.7 cells were transfected with an NC-miR mimic or a
miR-582-5p mimic and stimulated with LPS for activating the NF-xB
pathway. Western blotting revealed that the expression of the miR-582-
5p mimic reduced SKP1 expression (see Fig. 4D, the far-left upper
panel). This attenuated LPS-induced IxkBa degradation and NF-xB p65
phosphorylation in RAW264.7 cells compared to that in cells expressing
the NC-miR mimic (Fig. 4D). Furthermore, LPS-inducible NF-xB p65
nuclear translocation was significantly suppressed in the miR-582-5p
mimic transfection group compared with that in the NC-miR mimic
transfection group (Fig. 4E). Inmunocytochemistry analysis indicated
that p65 signals were localized to the nucleus in response to LPS stim-
ulation; this was substantially inhibited in the miR-582-5p mimic-
transfected cells (Fig. 4F and Supplementary Fig. S7). Therefore, miR-
582-5p attenuated the inflammatory response of LPS-stimulated mac-
rophages via NF-xB signaling inhibition by targeting Skp1.

4. Discussion
In this study, miR-582-5p decreased under the inflammatory state,

inhibited degradation of IxBa in the NF-kB pathway, and suppressed pro-
inflammatory cytokine expression in macrophages by targeting Skp1.

This could offer a novel gene therapy approach for regulating inflam-
mation. The NF-kB pathway plays an important role in the pathogenesis
of various inflammatory diseases by regulating cytokine-inducible gene
expression [6]. It is important to clarify the molecular mechanisms un-
derlying NF-xB signaling for preventing and treating inflammation. In
the innate immune system, the activation of the NF-xB pathway is
involved in the macrophage-associated inflammatory response induced
by TLRs. LPS, an outer-membrane component of gram-negative bacteria,
can migrate from the gut into circulation during pathological conditions
and prime the innate immune response via TLR4 [26]. A high dose of LPS
(0.1-1 pg/mL) leads to a hyporesponsive state of macrophages, while a
subclinical low-dose LPS (0.1-1 ng/mL) induces a low-grade inflam-
matory state characterized by prolonged expression of inflammatory
mediators such as TNF-a. Low-dose LPS is associated with chronic in-
flammatory pathologies such as obesity [27]. The main cell components
of obese adipose tissue were preadipocytes and adipose tissue macro-
phages in SVF, and mature adipocytes in MAF [28]. miR-582-5p was
significantly downregulated in the SVF of the obese adipose tissue and in
murine macrophages induced by a low concentration of LPS (1 ng/mL).

miRNAs are potent regulators of diverse biological processes
including inflammation, cell cycle, and cancer [29]. miRNAs are
intensively investigated for their role in the NF-xB pathway [30,31].
miR-24 inhibited NF-xB signaling and TNF-a production by targeting
high mobility group protein B1 [32]. miR-132 negatively regulates
NF-kB translocation by targeting acetylcholinesterase [33]. This study
indicates that there is a direct correlation between miR-582-5p and
Skp1, which is implicated in the degradation of IxkBa during the activa-
tion of the NF-kB pathway.
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Fig. 5. A schematic representation of the molecular
mechanism involved in miR-582-5p-related inflam-
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miR-582-5p is an effective tumor suppressor in non-small cell lung
cancer by targeting yes-associated protein/WW domain-containing
transcription regulator 1 signaling [34]. miR-582-5p, targeting
collagen type V alpha 1, inhibits the progression of clear cell renal
carcinoma [35]. miR-582-5p suppresses prostate cancer metastasis by
regulating transforming growth factor p signaling [36]. miR-582-5p al-
leviates the opioid receptor-dependent effect of morphine by targeting
cAMP response element-binding protein 1 [37]. Furthermore,
miR-582-5p suppresses non-small cell lung cancer growth and invasion
by downregulating neurogenic locus notch homolog protein 1 [38].
However, the functional and molecular mechanisms underlying the role
of miR-582-5p in LPS-inducible TLR4-NF-kB signaling remained elusive.
In this study, we characterized a miR-582-5p-based regulatory network
that regulates NF-xB signaling activity and the inflammatory response in
murine macrophages. miR-582-5p is significantly downregulated in the
inflamed murine macrophages and in RAW264.7 cells under the LPS
challenge, indicating that miR-582-5p participates in the regulation of
inflammation and LPS-induced TLR4-NF-xB signaling.

The innate immune cells such as macrophages employ PRRs for the
detection of invading microbes. TLR4, one of the PRRs, recognizes LPS
and is closely involved in the activation of the NF-kB pathway [39].
miR-582-5p could attenuate the inflammatory response induced by LPS
by negatively modulating SKP1 via directly binding to the 3'-UTR region
of Skp1 in RAW264.7 cells. SKP1 is a fixed and indispensable component
and irreplaceable in the assembly of the SCF complex. In the SCF com-
plex, SKP1 functions as an adaptor to connect CUL1 and various kinds of
F-box proteins and can potentiate the substrate-binding ability of F-box
proteins [40]. Targeting SKP1 is considered a potential therapeutic
strategy [10]. 6-O-angeloylplenolin, a compound isolated from the herb
Centipeda minima, competitively dissociates fTrCP (an F-box protein)
from SKP1 without affecting SkpI expression, leading to the upregula-
tion of its substrates such as IkBa [40]. Aberrant SKP1 is associated with
several human disorders, including sporadic Parkinson’s disease [41],
and cancer [42]. However, when the NF-kB signaling pathway is acti-
vated, SCFPT™P, the SCF complex with the F-box protein pTrCP, induces
the polyubiquitination of phosphorylated IkBa; this leads to its degra-
dation by the proteasome. The NF-kB p65/p50 heterodimer is liberated,
and it subsequently translocates into the nucleus to induce the tran-
scription of various genes, including those encoding inflammatory cy-
tokines such as Tnfa, II-6, and II-13 [43,44]. Hyperactivation of the
NF-«B signaling pathway via MyD88 is implicated in the cytokine storm
associated with coronavirus disease 2019 (COVID-19) [45-47]. We
confirmed that miR-582-5p by targeting Skpl could ameliorate the
activation of NF-kB and the production of inflammatory cytokines
(TNF-a, IL-1B, and IL-6) by inhibiting the degradation of IkBa. There-
fore, overexpression of miR-582-5p could be a potential strategy for
improving NF-kB signaling.

polypeptide gene enhancer in B-cells inhibitor, alpha;
LPS: lipopolysaccharide; MyD88: myeloid differenti-
ation primary response gene 88; SKP1: S-phase
kinase-associated protein 1; TLR 4: Toll-like receptor
4.

5. Conclusion

miR-582-5p, a miRNA that decreases during inflammation, could
inhibit LPS-induced inflammatory response via suppressing NF-xB
signaling by targeting Skp1 (Fig. 5). Therefore, regulation of miR-582-5p
could be a therapeutic strategy for inflammation-related pathologies.
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Supplementary Table S1. List of miRNA mimics and siRNAs used for transfection

miRNA Catalog number Source

mmu-miR-582-5p miRCURY LNA miRNA mimic ~ YMO00471571 Qiagen, Hilden, Germany
control miRCURY LNA miRNA mimic YMO00479902 Qiagen, Hilden, Germany
siRNA

Skp1-siRNA MSS277837 Invitrogen, Carlsbad, CA, USA
control siRNA S10C-0600 Cosmo Bio, Tokyo, Japan




Supplementary Table S2. Sequence of primers used in this study

Gene name Sequence
Gapdh forward 5'-AATGTGTCCGTCGTGGATCTGA-3'
reverse 5'-GATGCCTGCTTCACCACCTTCT-3'
Myd88 forward 5'-AGGACAAACGCCGGAACTTTT-3'
reverse 5'-GCCGATAGTCTGTCTGTTCTAGT-3'
Irak4 forward 5'-CCTGGATGTCCTGGAACTTG-3’
reverse 5'-CAACACGCAGTAGGCAGAGA-3'
Traf6 forward 5'-ACTGGGGACAATTCACTAGAGC-3’
reverse 5'-AAAGCGAGAGATTCTTTCCCTG-3'
Takl forward 5'-AGGTTGTCGGAAGAGGAGCT-3'
reverse 5'-CTCCACAATGAAAGCCTTCC-3'
Tabl forward 5'-ACCCTGCTGGTGAGGAACT-3'
reverse 5'-AGGGACAGAGTCACACTAGTCT-3'
Tab2 forward 5'-GGATAGAATAAGCGAAGCCCGGAA-3'
reverse 5'-CTCTTTGAAGCCGTTCCATCCT-3'
Skp1 forward 5'-ATGCCTACGATAAAGTTGCAGA-3’
reverse 5'-TCCATTCCCAAATCTTCCAGC-3'
Tnfa forward 5'-CATGGATCTCAAAGACAACC-3'
reverse 5'-GGTATATGGGCTCATACCAG-3’
1I-1b forward 5'-GAAGAAGAGCCCATCCTCTG-3’
reverse 5'-TCATCTCGGAGCCTGTAGTG-3'
1-6 forward 5'-TGCCTTCTTGGGACTGATG-3'
reverse 5'-ACTCTGGCTTTGTCTTTCTTGT-3'
RNUG6-6P 5'-CGCAAGGATGACACGCAAATTCGT-3'

mmu-miR-582-5p

5'-GGTATATGGGCTCATACCAG-3’

Gapdh: glyceraldehyde-3-phosphate dehydrogenase; Myd88: myeloid differentiation primary

response gene 88; [rak4: interleukin-1 receptor-associated kinase 4; Traf6: TNF receptor-

associated factor 6; Tukl: mitogen-activated protein kinase kinase kinase 7; Tubl: TGF-beta
activated kinase 1/MAP3K7 binding protein 1; Tab2: TGF-beta activated kinase 1/MAP3K7

binding protein 2; Skpl: S-phase kinase-associated protein 1; Tnfa: tumor necrosis factor-alpha;
1l-1b: interleukin-1b; //-6: interleukin-6; RNU6-6P: U6 small nuclear 6



Supplementary Table S3. List of antibodies used in western blotting and immunofluorescence staining

Antibody (Catalog number)

Source

TNF-a (AB-401-NA)

IL-1B /IL-1F2 (AF-401-NA)
IL-6 (AB-406-NA)

SKP1 (H-6; sc-5281)

SKP1 (GTX106675)

IkBa antibody (#9242)
phospho- NF-«kB p65 (Ser536; #3033)
NF-xB p65 (D14E12; #8242)
B-actin (#4967)

Histone H1 (AE-4; sc-8030)
LaminB1 (12987-1-AP)
BTrCP (sc-390629)

CUL-1 (sc-17775)

RBX1 (sc-393640)

HRP-conjugated anti-rabbit IgG (#7074)

HRP-conjugated anti-mouse IgG (#7076)

HRP-conjugated Rabbit Anti-Goat IgG (SA00001-4)

Alexa Fluor 488-conjugated goat anti-rabbit IgG (A31627)
Alexa Fluor 488-conjugated goat anti-mouse IgG (A28175)

R&D Systems, Minneapolis, MN, USA

R&D Systems, Minneapolis, MN, USA

R&D Systems, Minneapolis, MN, USA

Santa Cruz Biotechnology, Dallas, TX, USA
GeneTex, Irvine, CA, USA

Cell Signaling Technology, Beverly, MA, USA
Cell Signaling Technology, Beverly, MA, USA
Cell Signaling Technology, Beverly, MA, USA
Cell Signaling Technology, Beverly, MA, USA
Santa Cruz Biotechnology, Dallas, TX, USA
ProteinTech, Rosemont, IL, USA

Santa Cruz Biotechnology, Dallas, TX, USA
Santa Cruz Biotechnology, Dallas, TX, USA
Santa Cruz Biotechnology, Dallas, TX, USA
Cell Signaling Technology, Beverly, MA, USA
Cell Signaling Technology, Beverly, MA, USA
ProteinTech, Rosemont, IL, USA

Invitrogen, Carlsbad, CA, USA

Invitrogen, Carlsbad, CA, USA

TNF-a: tumor necrosis factor-alpha; IL-1f: interleukin-1 beta; IL-6: interleukin-6; SKP1: S-phase kinase-

associated protein 1; [kBa: nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha;

NF-kB: nuclear factor-kappa B; BTrCP: beta transducin repeat containing protein; CUL-1: cullin 1; RBX1:

ring-box 1
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Supplementary Fig. S2
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Supplementary Fig. S4
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Supplementary Fig. S5
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Supplementary Fig. S6
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Supplementary Fig. S7
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Supplementary Figure Legends
Supplementary Fig. S1. To study HFD-induced obesity, male C57BL/6J mice were fed with ND
or HFD for 8 weeks until 16 weeks of age. (A) Representative photo of mice after 8 weeks of ND

or HFD feeding. (B, C) Measurements of food intake (B) and body weight (C).

Supplementary Fig. S2. RAW264.7 cells were transfected with the control microRNA mimic
(lane 2) or the miR-582-5p mimic (lane 3) for 24 h, followed by incubation with (lane 2 and 3) or
without (lane 1) LPS for 4 h. The molecular weights of TNF-a, IL-1p, IL-6, and B-actin are 17
kDa, 35 kDa, 22-28 kDa, and 45 kDa, respectively. Molecular weight markers (in thousands) are
shown on the left-hand side of each blot. Arrowheads represent the position of each

immunoreactive band.

Supplementary Fig. S3. (A) RAW264.7 cells were transfected with the miR-582-5p mimic (20
nM) or its corresponding negative control microRNA mimic (NC-miR mimic, 20 nM) for 24 h.
Then, mRNA was isolated and subjected to quantitative real-time PCR analysis. Bar graphs
represent the mean + SD (n = 3 for each group) relative to the NC-miR mimic transfected group.
Gapdh was used as the internal reference gene. **p < 0.01 represent significant differences
between the indicated bars (Student’s #-test). Myd88: myeloid differentiation primary response
gene 88; [rak4: interleukin-1 receptor-associated kinase 4; Traf6: TNF receptor-associated factor
6; Takl: mitogen-activated protein kinase kinase kinase 7; 7abl: TGF-beta activated kinase
1/MAP3K?7 binding protein 1; 7ab2: TGF-beta activated kinase 1/MAP3K?7 binding protein 2;
Skp1: S-phase kinase-associated protein 1. (B) RAW264.7 cells were transfected with the miR-
582-5p mimic (20 nM) or the miR-582-5p inhibitor (20 nM) for 24 h. Then, mRNA was isolated
and subjected to quantitative real-time PCR analysis. Bar graphs represent the mean + SD (n =3
for each group). Gapdh was used as the internal reference gene. *p < 0.05, **p <0.01, represent
significant differences between the indicated bars (Tukey-Kramer’s HSD-test). (C) RAW264.7

cells were incubated with (LPS) or without (Control) LPS for 2 h. Then, mRNA was isolated, and



Skpl mRNA expression was measured using quantitative real-time PCR analysis. We repeated
this experiment thrice. Gapdh was used as the internal reference gene. Bar graphs represent the
mean + SD (n = 3 for each group). *p < 0.05 represent significant differences between the
indicated bars (Student’s z-test). (D) RAW264.7 cells were transfected with the miR-582-5p
mimic (20 nM) or the negative control microRNA mimic (NC-miR mimic, 20 nM) for 24 h. The
nuclei were counterstained with DAPI (blue). Scale bar = 20 pm. (E) Two other data sets (Repeat
1 and 2) of Fig. 3D are shown. The molecular weights of SKP1 and B-actin are 19 kDa and 45
kDa, respectively. NC and miR represent the data from cells transfected with the negative control
microRNA mimic and miR-582-5p mimic, respectively. Molecular weight markers (in thousands)
are shown on the left-hand side of each blot. Arrowheads represent the position of each

immunoreactive band.

Supplementary Fig. S4. (A) RAW264.7 cells were transfected with either the miR-582-5p mimic
(20 nM) or its corresponding negative control microRNA mimic (NC-miR mimic, 20 nM) for 24
h. The protein levels of fTrCP, CUL1, and RBX1 were examined using western blotting. A set of
representative blots from three independent experiments are shown. f-actin was used as the
loading control. Bar graphs represent the mean = SD (n = 3 for each group). ns, not significant
(Student’s ¢-test). (B) We repeated the above experiment thrice. The other two data sets are shown
as repeat 1 and 2 in (B). Molecular weight markers (in thousands) are shown on the left-hand side
of each blot. The molecular weights of BTrCP, CUL1, RBX1, and B-actin are 60 kDa, 85 kDa, 17
kDa, and 45 kDa, respectively. Arrowheads represent the position of each immunoreactive band.
NC and miR represent the data from cells transfected with the negative control microRNA mimic
and miR-582-5p mimic, respectively. BTrCP: beta transducin repeat-containing protein; CUL1:

cullin 1; RBX1: ring-box 1.

Supplementary Fig. S5. (A, B) RAW264.7 cells were transfected with si-control (lane 2) or si-

Skp1 (lane 3) for 24 h, followed by incubation with (lane 2, 3) or without (lane 1) LPS for 90 min;



cell lysates (A) or nuclear fraction (B) were analyzed. We repeated this experiment thrice; one set
of data is shown in Fig. 4B and C, and the other two other original images (Repeat 1 and 2) are
shown (A, B). The molecular weights of SKP1, [kBa, p65 (p-p65), B-actin, and histone H1 are 19
kDa, 39 kDa, 65 kDa, 45 kDa, and 32-33 kDa, respectively. Molecular weight markers (in
thousands) are shown on the left-hand side of each blot. Arrowheads represent the position of

each immunoreactive band.

Supplementary Fig. S6. (A, B) RAW264.7 cells were transfected with the control microRNA
mimic (lane 2) or the miR-582-5p mimic (lane 3) for 24 h, followed by the incubation with (lane
2, 3) or without (lane 1) LPS for 90 min; cell lysates (A) or nuclear fraction (B) were analyzed.
We repeated these experiments thrice; one set of data is shown in Fig. 4D and E, and the other
two original images (Repeat 1 and 2) are shown (A, B). The molecular weights of SKP1, IxBa,
p65 (p-p65), B-actin, and lamin B1 are 19 kDa, 39 kDa, 65 kDa, 45 kDa, and 66 kDa, respectively.
Molecular weight markers (in thousands) are shown on the left-hand side of each blot.

Arrowheads represent the position of each immunoreactive band.

Supplementary Fig. S7. RAW264.7 cells were transfected with the miR-582-5p mimic (20 nM)
or negative control microRNA mimic (NC-miR mimic, 20 nM) for 24 h and then incubated with
or without LPS for 90 min. The cells were analyzed through immunofluorescence staining using
an anti-p65 antibody. Two sets of images of p65 immunofluorescence staining (red) are shown.

The nuclei were counterstained with DAPI (blue). Scale bar = 20 pm.
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