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Silencing of miR-486 alleviates LPS-stimulated
inflammatory response of macrophages through
targeting SIRT1

Jie Huang,? Xinlei Fu,® Xue Chen,® Shuang Xu® and Jian Yu &
Previous studies identified that microRNAs (miRNAs) have promising diagnostic and prognostic value against
sepsis. MiR-486 was demonstrated to be upregulated in sepsis. However, the detailed role and underlying
mechanism of miR-486 in the inflammatory response of sepsis are still unclear. In this research, macrophages
were stimulated with lipopolysaccharide (LPS) to establish a sepsis model in vitro. gRT-PCR was used to detect
miR-486 expression and the mMRNA levels of sirtuin (SIRT1), tumor necrosis factor (TNF)-a, interleukin (IL)-6 and
IL-1B. ELISA assay was performed to measure the levels of TNF-«, IL-6 and IL-1B. SIRT1 protein expression was
determined by Western blot analysis. The targeted relationship of miR-486 and SIRT1 was confirmed by dual-
luciferase reporter assay. Our data supported that miR-486 was upregulated in the serum of sepsis patients.
MiR-486 expression and inflammatory response were elevated by LPS stimulation in macrophages. MiR-486
silencing or SIRT1 overexpression alleviated inflammatory response in LPS-stimulated macrophages. Moreover,
SIRT1 was a direct target of miR-486. Anti-miR-486-mediated anti-inflammatory response in LPS-stimulated
macrophages was antagonized by SIRT1 inhibition. Our data suggested that miR-486 silencing alleviated
inflammatory response in macrophages under LPS stimulation at least partly through targeting SIRT1. Targeting
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Introduction

Sepsis is a widespread and serious medical problem, charac-
terized by heightened systemic inflammatory response
syndrome (SIRS) following primarily bacterial infection." It is
crucial to determine the magnitude of the inflammatory
response for sepsis analysis because an excessive inflammatory
response is capable of autodestruction, causing tissue injury,
peritonitis, meningitis, abscesses, multiple organ failure and
septic shock.? Elevated serum levels of pro-inflammatory
cytokines such as tumor necrosis factor (TNF)-a, interleukin
(IL)-6 and IL-1P levels have been commonly found in sepsis
patients.? Although the progress of intensive care treatment has
greatly improved the therapeutic outcomes for sepsis patients,
it is still associated with significant mortality.* Therefore, it is of
great importance to identify novel effective targets for protec-
tion against dysregulated inflammatory response in sepsis.
MicroRNAs (miRNAs), a family of small non-coding RNAs of
~21-23 nucleotides in length, play crucial roles in almost every
aspect of biology.> MiRNAs function as the catalytic engine for
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miR-486 may provide a novel way to protect against dysregulated inflammatory response in sepsis patients.

miRNA-mediated post-transcriptional gene silencing by binding
to the 3’-untranslated region (UTR) of target gene mRNAs,
leading to translation suppression and/or the target mRNAs'
degradation.” An increasing number of studies have demon-
strated that dysregulation of miRNAs is implicated in various
human diseases, such as cardiovascular diseases, cancers, viral
infection and inflammatory diseases.®” Previous studies identi-
fied that miRNAs had promising diagnostic and prognostic value
against sepsis.’ It was reported that miR-486 expression was
upregulated in sepsis patients compared with healthy controls.™
However, the detailed role and underlying mechanism of miR-
486 in the inflammatory response of sepsis are still unclear.
Previous reports illustrated that sirtuin 1 (SIRT1) was capable
of the inhibition of inflammasome activation in sepsis.""
Moreover, SIRT1 was demonstrated to act as a functional target of
miR-486 in several other diseases.’**® However, the effect of
interplay between miR-486 and SIRT1 in sepsis remains unclear.
In the present study, our data supported that miR-486 was
overexpressed in the serum of sepsis patients. Moreover, miR-486
silencing alleviated the inflammatory response in macrophages
under LPS stimulation at least partly through targeting SIRT1.

Materials and methods
Sample collection

A total of 41 cases of sepsis patients who were admitted to the
Central Hospital of Wuhan, and 28 cases of healthy controls,
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were included in the study, with prior written informed consent.
The inclusion criteria were: (1) diagnosed as sepsis according to
the consensus definition of the American College of Chest
Physicians/Society of Critical Care Medicine; (2) aged 55 years or
older. The basic characteristics of the participants are shown in
Table 1. No patients received any treatment before sample
collection. 5 mL blood samples were collected and serum
samples were obtained by centrifugation at 1200g for 10 min. All
serum samples were stored at —80 °C until use. Our study was
approved by the Ethics Committee of the Central Hospital of
Wuhan in accordance with the principles of the Declaration of
Helsinki. Informed consent was obtained from all participants.

Cell culture and treatment

THP-1 cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in RPMI-
1640 medium (Corning Cellgro, Manassas, VA, USA) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS,
Hyclone, Logan, UT, USA), 50 pM B-mercaptoethanol (Sigma-
Aldrich, Poole, Dorset, UK), and 1% penicillin/streptomycin
(Sigma-Aldrich) at 37 °C in a humidified atmosphere of 5%
CO,. Phorbol-12-myristate-13-acetate (PMA) was used to induce
macrophage differentiation from the monocytic THP-1 cell line
as described previously.'” Briefly, in the experiments, the THP-1
cells were incubated with 100 ng mL ™" of PMA (Sigma-Aldrich)
overnight for macrophage differentiation.

To establish the sepsis model in vitro, macrophages were
stimulated with 1 pg mL™" of lipopolysaccharide (LPS, Escher-
ichia coli, serotype 0111:B4, Sigma-Aldrich) for 24 h. To inhibit
SIRT1, macrophages were treated with 10 uM of the SIRT1
inhibitor Selisistat (EX527, Sigma-Aldrich) for 6 h.

Cell transfection

To investigate the role of miR-486, 50 nM of modified miR-486
inhibitors (anti-miR-486, Ribobio, Guangzhou, Guangdong,
China) or nontargeting control oligonucleotide (anti-miR-NC,
Ribobio) were transfected into macrophages using Lip-
ofectamine™ 3000 Transfection Reagent (Invitrogen, Carlsbad,
CA, USA) referring to the guidance of the manufacturers.

To observe the effect of SIRT1, macrophages were trans-
fected with 100 ng of SIRT1 overexpression plasmids (Vector-
SIRT1, Ribobio) or negative control (Vector) using Lip-
ofectamine™ 3000 Transfection Reagent.

RNA isolation, reverse transcription and quantitative real-
time PCR (qRT-PCR)

Total RNA was isolated from the serum samples and macrophages
using Trizol reagent (Life Technologies, Villebon sur Yvette,
France) according to the instructions of the manufacturers. The
concentration and quality of the RNA extracts were determined
using a NanoDrop 8000 spectrophotometer (NanoDrop, Wilming-
ton, Delaware, USA). For mRNA detection, 1 pg of total RNA was
used for reverse transcription PCR to synthesize cDNA using an
iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA,
USA). qRT-PCR assay was performed using Fast SYBR™ Green
Master Mix (Invitrogen) on a Stratagene Mx3000P real-time PCR
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system (Agilent Technologies, Santa Clara, CA, USA). The house-
keeping gene GAPDH was used as an internal control and the fold
changes were calculated by the 272*“ method. For miR-486
determination, reverse transcription PCR was performed using
a miScript Reverse Transcription Kit (Qiagen, Hilden, Germany)
and qRT-PCR was performed using a miScript SYBR Green PCR Kit
(Qiagen) with a specific primer for miR-486 (Qiagen). U6 was used
as an endogenous control for miR-486 detection. The primers for
the PCR analysis were as follows: miR-486: 5-TCAGTA-
CAGGATGCGTCAGG-3' (forward), and 5'-AAAACCAGT-
GACTGCCTGCT-3 (reverse); TNF-o mMRNA: 5'-
AAGCCTGTAGCCCATGTTGTA-3' (forward), and 5-TCAGCTC-
CACGCCATTG-3' (reverse); IL-6 mRNA: 5-AAAGAGGCACTGGCA-
GAAAA-3"  (forward), and 5-AGCTCTGGCTTGTTCCTCAC-3’
(reverse); IL-1p mRNA: 5'-CACCTCTCAAGCAGAGCACAG-3
(forward), and 5-GGGTTCCATGGTGAAGTCAAC-3' (reverse); SIRT1
MRNA: 5'-GCCTCACATGCAAGCTCTAGTGAC-3' (forward), and 5'-
TTCGAGGATCTGTGCCAATCATAA-3"  (reverse); GAPDH: 5'-
GCACCGTCAAGGCTGAGAAC-3'  (forward), and 5-TGGTGAA-
GACGCCAGTGGA-3' (reverse); U6: 5-GCTTCGGCAGCACATA-
TACTAAAAT-3' (forward), and 5'-CGCTTCACGAATTTGCGTGTCAT-
3’ (reverse).

Dual-luciferase reporter assay

Bioinformatic analysis for the targets of miR-486 was performed
using the software TargetScan 3.1 (http://www.targetscan.org). A
SIRT1 3'-UTR wild-type luciferase reporter vector (SIRT1-Wt) con-
taining the putative binding sequence of miR-486 and its mutant-
type in seed sequence (SIRT1-Mut) were designed and synthesized
by Ribobio. Macrophages were cotransfected with 100 ng of SIRT1-
Wt or SIRT1-Mut and 50 nM of miR-NC mimics or miR-486
mimics using Lipofectamine™ 3000 Transfection Reagent. After
48 h, the luciferase activities were analyzed using the Dual-
Luciferase Reporter Assay System (Promega, Madison, WI, USA).

Table 1 Basic characteristics of the study patients®

Healthy controls

Characteristics  (n = 28) Sepsis patients (n = 41) P-value
Age (years) 52.3 +£9.3 55.8 + 8.2 0.113
Sex

Male 16 25 0.750
Female 12 16

BMI (kg m™?) 24.15 £ 3.59 24.51 =+ 3.64 0.652
Ser (mg dL ™) NA 1.52 (1.02-1.91) NA
Albumin (gL™") NA 25.64 (22.14-35.03) NA
WBC (x10°/L) NA 13.39 (4.11-28.19) NA
CRP (mg L) NA 42.12 (23.34-113.06) NA
APACHE II score NA 15.6 £ 6.2 NA
ICU stay (days) NA 13+5 NA
28 day survival

Yes NA 24 NA
No NA 17 NA

¢ Data presented as mean value =+ standard deviation, median (quartile
25th to 75th). Comparison was determined by ¢-test or chi-square test. P
value < 0.05 was considered significant. BMI, body mass index; Scr,
serum creatinine; WBC, white blood cells; CRP, C-reactive protein;
APACHE, acute physiology and chronic health evaluation; ICU,
intensive care unit; NA, not applicable.

This journal is © The Royal Society of Chemistry 2019
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ELISA assay of TNF-a, IL-6 and IL-18 measurement

The levels of TNF-a, IL-6 and IL-18 were measured with the
corresponding commercially available ELISA kits (R&D Systems,
Minneapolis, MN, USA) according to the instructions of the
manufacturers. To be brief, serum samples or cell lysates were
incubated with 100 puM of enzyme-specific substrates at 37 °C
for 2 h, followed by incubation with 100 pL of HRP-conjugated
detection antibody. The absorbance at 450 nm was determined
using a Microplate Reader (Bio-Rad Laboratories)

Western blot of SIRT1 detection

Treated macrophages were lysed in lysis buffer (50 mM Tris-
HCI, pH = 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 0.5% sodium deoxycholate) containing protease inhib-
itor cocktail (Calbiochem, La Jolla, CA, USA). The concentra-
tions of protein extracts were detected by a BCA Protein Assay
Kit (Sigma-Aldrich). The protein extracts were resolved on a 10%
SDS polyacrylamide gel and then electronically transferred onto
PVDF membranes (Bio-Rad Laboratories). After being blocked
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in 5% non-fat milk for 1 h, the membranes were probed with
anti-SIRT1 (1 : 1000, Cell Signaling Technology, Danvers, MA,
USA) and anti-GAPDH (1 : 1000, Cell Signaling Technology) at
4 °C overnight, followed by incubation with HRP-conjugated
secondary antibody (1 : 2000, Cell Signaling Technology). The
protein bands were visualized using a chemiluminescence ECL
assay kit (Life Technologies) and the images were analyzed
using the Image] software (version 1.33).

Statistical analysis

All statistical analyses were performed using GraphPad Prism
7.0 software (GraphPad Software Inc., La Jolla, CA, USA) at least
three times and were shown as mean =+ standard deviation (SD).
A Student's ¢test and Mann-Whitney U test were used to
compare the differences between two groups. Differences
between multiple groups were analyzed by one-way ANOVA.
Correlations between miR-486 and TNF-a, IL-6, and IL-13 were
analyzed by Spearman's test. P < 0.05 was considered statisti-
cally significant.
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Fig.1 The role of miR-486 was preliminarily determined in serum of sepsis patients. MiR-486 expression was assessed by gRT-PCR assay (A),
and TNF-a (B), IL-6 (C) and IL-1B (D) levels were detected by ELISA in the serum of sepsis patients (n = 41) and healthy controls (n = 28). The
correlations between TNF-a (E), IL-6 (F), IL-1B (G) levels and miR-486 expression were analyzed in serum of sepsis patients. *P < 0.05 vs. healthy

controls.
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Fig. 2 The expression of miR-486 and the inflammatory response were detected in macrophages under LPS stimulation. Macrophages were
stimulated with 1 pg mL™* of LPS or PBS. (A-C) After 24 h stimulation, the TNF-ga, IL-6 and IL-1B levels were detected by ELISA. (D) After 6 h
stimulation, the TNF-q, IL-6 and IL-18 mRNA levels were assessed by qRT-PCR assay. (E) After 24 h stimulation, miR-486 expression was
determined by qRT-PCR assay. *P < 0.05 vs. control.
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Fig.3 MiR-486 silencing repressed the inflammatory response in LPS-stimulated macrophages. Macrophages were transfected with anti-
miR-486 or anti-miR-NC prior to LPS stimulation, followed by the detection of miR-486 expression by qRT-PCR assay (A), the mRNA
levels of TNF-a, IL-6 and IL-1B by gRT-PCR assay (B), TNF-a (C), IL-6 (D) and IL-1p (E) levels by ELISA. *P < 0.05 vs. control or LPS + anti-

miR-NC.
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Fig. 5 SIRT1 affected inflammatory response in LPS-stimulated macrophages. Macrophages were transfected with Vector or Vector-SIRT1
and then were stimulated with 1 png mL™ of LPS or PBS, followed by the determination of SIRT1 protein expression by Western blot (A and B),
the mRNA levels of TNF-a, IL-6 and IL-1B by gRT-PCR assay (C), TNF-a (D), IL-6 (E) and IL-1B (F) levels by ELISA. *P < 0.05 vs. control or LPS +
vector.
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Results

MiR-486 was upregulated in serum of sepsis patients and
associated with inflammatory response

To investigate the role of miR-486 in sepsis, we firstly quantified
the expression of miR-486 in sepsis patients. The qRT-PCR
results revealed that miR-486 was significantly upregulated in
the serum of sepsis patients compared with healthy controls
(Fig. 1A). Meanwhile, we determined the levels of TNF-o, IL-6
and IL-1B in sepsis serum. These data showed that the levels
of TNF-a, IL-6 and IL-1p were higher in serum of sepsis patients
than those in healthy controls (Fig. 1B-D). Intriguingly, we
found that the levels of TNF-a, IL-6 and IL-1B were positively
correlated with miR-486 expression in the serum of sepsis
patients (Fig. 1E-G). These results suggested that upregulation
of miR-486 might play an important role in sepsis.

MiR-486 expression and inflammatory response were elevated
in macrophages under LPS stimulation

LPS has been widely acknowledged to trigger SIRS and identified
as a crucial mediator of sepsis."® Hence, to validate whether miR-
486 was involved in sepsis, we stimulated macrophages with 1
ug mL ™" of LPS or PBS. These results revealed that LPS stimulation
in macrophages, in contrast to PBS, substantially elevated the
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expression of TNF-a, IL-6 and IL-1p (Fig. 2A-C). Moreover, their
mRNA expressions were markedly enhanced by LPS stimulation
(Fig. 2D). More importantly, LPS stimulation resulted in a dramatic
increase of miR-486 expression in macrophages (Fig. 2E).

MiR-486 silencing alleviated inflammatory response in
macrophages under LPS stimulation

Then, to further explore the function of miR-486 in the
inflammatory response in sepsis, macrophages were trans-
fected with anti-miR-486 or anti-miR-NC prior to LPS stimula-
tion. These results showed that transfection of anti-miR-486,
but not anti-miR-NC, significantly reduced the expression of
miR-486 in LPS-stimulated macrophages (Fig. 3A). Moreover,
miR-486 silencing markedly inhibited the expression of TNF-a,
IL-6, IL-1B and their respective mRNA (Fig. 3B-E), indicating
that miR-486 silencing repressed the inflammatory response of
LPS-stimulated macrophages.

SIRT1 was a direct target of miR-486

Next, to identify the molecular mechanism by which miR-486
regulated the inflammatory response, carried out
a detailed analysis of its targets. The data predicted by Tar-
getScan software revealed that SIRT1 mRNA contained

we
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Fig. 6 SIRT1 moderated the effect of miR-486 on inflammatory response in LPS-stimulated macrophages. Macrophages were transfected with
anti-miR-486 or anti-miR-NC and then were treated with 10 uM of EX527 or vehicle, followed by stimulation with LPS. (A-C) After 6 h stim-
ulation, the TNF-a, IL-6 and IL-1B mRNA levels were detected by qRT-PCR assay. (D—F) After 24 h stimulation, the TNF-¢, IL-6 and IL-1f levels
were determined by ELISA. *P < 0.05 vs. anti-miR-NC or anti-miR-486 + vehicle.
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a potentially complementary sequence for miR-486 in its 3'-UTR
(Fig. 4A). To verify whether SIRT1 was a target of miR-486, we
performed luciferase reporter assays with SIRT1 3’-UTR wild-
type luciferase reporter vector (SIRT1-Wt) containing the puta-
tive binding sequence of miR-486 and its mutant-type in seed
sequence (SIRT1-Mut). Transfection of the miR-486 mimics, but
not the negative control, reduced the luciferase activity of
SIRT1-Wt (Fig. 4B). In contrast, SIRT1-Mut abolished the effect
of the miR-486 mimics on luciferase activity under the same
conditions (Fig. 4B).

Then, we investigated whether miR-486 affected SIRT1
expression in macrophages. These results demonstrated that in
comparison to their counterparts, the expression levels of SIRT1
mRNA and protein were markedly inhibited by transfection of
miR-486 mimics, while they were highly promoted by miR-486
silencing (Fig. 4C and D), indicating that miR-486 negatively
regulated SIRT1 expression.

Restoration of SIRT1 expression attenuated inflammatory
response in macrophages under LPS stimulation

To observe the expression of SIRT1 in sepsis, macrophages were
stimulated with 1 pg mL~" of LPS or PBS. The data showed that
SIRT1 expression was strikingly decreased by LPS stimulation
(Fig. 5A and B). Then, we transfected Vector-SIRT1 or Vector
(control) into macrophages before LPS stimulation. These results
revealed that in contrast to the control, transfection of Vector-
SIRT1 significantly abrogated the inhibitory effect of LPS on
SIRT1 expression (Fig. 5A and B). Moreover, SIRT1 expression
restoration strongly reversed the promotional effect of LPS on the
expression of TNF-a, IL-6, IL-18 and their mRNAs (Fig. 5C-F),
suggesting that restoration of SIRT1 expression attenuated the
inflammatory response in macrophages under LPS stimulation.

SIRT1 inhibition antagonized the effect of anti-miR-486-
mediated anti-inflammatory response in macrophages under
LPS stimulation

To provide further mechanistic insight into the link between
miR-486 and SIRT1 in the inflammatory response of macro-
phages in sepsis, macrophages were transfected with anti-miR-
486 and then were treated with the SIRT1 inhibitor EX527 prior
to LPS stimulation. These data revealed that anti-miR-486-
mediated inhibition of TNF-a, IL-6, IL-1B and their respective
mRNA expression was significantly abrogated by EX527 treat-
ment in LPS-stimulated macrophages (Fig. 6A-F).

Discussion

To date, a large number of miRNAs have been identified to have
promising diagnostic, therapeutic and prognostic value against
sepsis. For instance, some miRNAs were detected to be upre-
gulated in sepsis patients, such as miR-143, miR-150, miR-15a
and miR-16."7"?° Other miRNAs were demonstrated to be
downregulated, including miR-146a, miR-223, miR-122 and
miR-499-5p.>"*> Moreover, high miR-27a expression was found
to enhance the inflammatory response in sepsis.>® The simul-
taneous silencing of miR-21 and miR-181b in vivo was found to
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enhance bacterial clearance and reduce the late sepsis mortality
by 74%.>* In the present study, our data revealed a high upre-
gulation of miR-486 expression in serum of sepsis patients, in
accordance with previous work.'* Additionally, we found that
the levels of TNF-a, IL-6 and IL-1B were positively correlated
with miR-486 expression. Moreover, we verified that miR-486
expression was elevated in macrophages under LPS stimula-
tion. In a word, miR-486 might play an important role in the
inflammatory response of sepsis.

MiR-486 has been identified as a tumor suppressor in a series
of human cancers, such as lung cancer,” gastric cancer* and
hepatocellular carcinoma.”” MiR-486 also was reported to be
a potential novel target for the therapy of spinal cord injury.*®
Also, miR-486 protected against muscle protein degradation by
inhibiting the expression of forkhead transcription factors
(FoxOs) and phosphatase and tensin homolog (PTEN) in chronic
kidney disease.” In addition, circulating miR-486 was found to
be associated with acute myocardial infarction.*® Moreover, miR-
486 directly repressed NF-kB-negative regulators, thus sustaining
NF-kB activity.®® The aberrant expression of miR-486 was
discovered in sepsis patients, suggesting miR-486 might function
as a marker of early sepsis.'* In the present study, we validated for
the first time that miR-486 silencing repressed the inflammatory
response of LPS-stimulated macrophages.

MiRNAs play crucial roles in many human diseases by
negatively regulating gene expression.® Therefore, we carried
out a detailed analysis of the molecular targets of miR-486 using
TargetScan software. Among the candidates found in this study,
SIRT1 was a particularly attractive target, considering its
important role as a negative regulator of inflammatory
response.*” Further, we confirmed that SIRT1 was a direct target
of miR-486.

SIRT1, the mammalian SIR2 homolog, is a NAD'-dependent
class III histone deacetylase and plays a negative regulatory role
in inflammation progression by transcriptional inhibition of
various inflammation-related genes.** This effect is attributed to
multiple SIRT1 activities, such as deacetylation of NF-xB and
chromatin remodeling at the promoters of inflammation-
related genes.*® It was previously reported that the inhibition
of SIRT1 by the specific inhibitor EX527 facilitated immunity
during the hypoinflammatory phenotype of sepsis.** SIRT1
repressed acute lung inflammatory response in a murine model
of sepsis through negatively regulating the inflammasome
activation pathway.”> In the present study, we found that
restoration of SIRT1 expression attenuated the inflammatory
response of LPS-stimulated macrophages. Similar to our find-
ings, Li and colleagues®> demonstrated that SIRT1 had an anti-
inflammatory role in an LPS-induced TC-1 cell line and that
SIRT1 activation relieved acute lung injury in an LPS-induced
sepsis mouse model. Moreover, we demonstrated that the
anti-miR-486-mediated anti-inflammatory response in LPS-
stimulated macrophages was antagonized by SIRT1 inhibi-
tion. Similar to our work, SIRT1 was earlier demonstrated to be
a direct functional target of miR-486 in erythroleukemia cells,"*
liver cancer stem-like cells** and human adipose tissue-derived
mesenchymal stem cells."® Additionally, recent studies eluci-
dated that several other miRNAs regulated the inflammatory
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responses of macrophages through targeting SIRT1, such as
miR-138 and miR-199a.3%%”

In conclusion, our data indicated that miR-486 expression
was elevated in serum of sepsis patients and LPS-stimulated
macrophages. Furthermore, miR-486 silencing alleviated the
inflammatory response at least partly through targeting SIRT1
in LPS-stimulated macrophages. Targeting miR-486 may
provide a novel way to protect against dysregulated inflamma-
tory response in sepsis patients.
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