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SUMMARY

QUEEN INTAN NURRAHMAH. Negative Modulation of Mir-21-Mediated
Inflammatory Response by Retinoic Acid. Supervised by Prof. Masugi Maruyama.

Introduction

Macrophages are essential components of the immune system, specialized
in either removing pathogens as part of innate immunity or contributing to adaptive
immunity through antigen presentation. They can either induce inflammation or
repair damaged tissues by secreting different signaling proteins. The dual role of
macrophages occurs because macrophages are not a single homogeneous
population. Different phenotypical and functional subpopulations exist due to their
activation status, influenced by microenvironmental stimuli. The two generally
recognized phenotypes are classically activated (M1) and the alternatively activated
(M2) macrophages. M1-type macrophages are characterized by the production of
pro-inflammatory cytokines and antimicrobial activity. M1 macrophages can be
activated under the influence of interferon-y (IFN-y), lipopolysaccharide (LPS), or
pro-inflammatory cytokines (e.g., tumor necrosis factor (TNF). In contrast, M2
macrophage are linked to immunosuppression and wound repair, with low levels of
pro-inflammatory cytokine secretion. M2 polarization is induced by exposure to
Th2 cytokines (IL-4, IL-10, and IL-13) and glucocorticoid. M1 and M2 phenotypes
play distinctive roles in the progression and regression of inflammation-related
diseases.

MicroRNA (miRNA) are short (21-26 nucleotide) eucaryotic RNAs
produced by the processing of specialized RNA transcripts coded in the genome
that regulate gene expression through complementary base-pairing with target
mRNA. Depending on the extent of base pairing, mRNA can suppress gene
expression by causing target mRNA degradation or blocking its translation.
MiRNA has been found to influence macrophage polarization with consequent
influence on inflammation. MicroRNA-21 (miR-21) is one of the miRNAs that
have a role in the pathophysiology of conditions such as cancer, cardiac injury, and
inflammation. In this study we investigated the molecular factors that modulate

macrophage polarization during inflammatory conditions. We analyzed the role of



miR-21 in lipopolysaccharide (LPS)-induced inflammatory response in
macrophages.

Retinoic acid (RA), an active metabolite form of vitamin A, plays a positive
role in a broad range of biological processes, including differentiation proliferation,
apoptosis, and morphogenesis. It also has a vital role in the maintenance of immune
homeostasis during inflammatory responses.

Objective

The current study aimed to elucidate the molecular mechanisms by which
Retinoic acid (RA), a potent immunomodulator, suppresses LPS-induced
inflammatory response in macrophages.

Method

RAW 264.7 macrophages were treated with RA and/or LPS, and analyzed
for inflammatory genes and miR-21 by PCR. The roles of miR-21 and NF-OEB
signaling pathway were also assessed by knock-down experiments,
immunofluorescence, and ChIP assays.

Result

Pretreatment with RA quenched the LPS-induced inflammatory responses,
including phagocytosis, ROS generation, and NO production. RA shifted the
polarization away from the M1 state by negative regulation of IKKa/b, p65, and
miR-21. RA hindered the phosphorylation of IKKa/b, translocation of p65 into the
nucleus, and the subsequent upregulation of miR-21. Knock-in and knock-down
experiments showed that miR-21 is central for the polarization shift toward the pro-
inflammatory M1 state.

Conclusion

miR-21 is involved in the LPS-induced pro-inflammatory profile of
macrophages and that RA negatively regulates the inflammatory response by
targeting NF-xB/miR-21 signaling. Our data exposes RA’s potential as a
pharmacological agent to manipulate miR-21 and counteract hyperinflammatory

response.
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1. INTRODUCTION

Immune system’s that have response to against any harmful stimuli, such as
damaged cells, microbial invasion, infected cells, and toxic compounds by removal
of injurious stimulus and initiating the healing of damaged tissue is well known as
inflammation [1,2]. Inflammation is a first line defense mechanism for cellular
physiology to avoid any escalation of its unfavorable circumstances. Based on the
duration and pathological characteristics, inflammation can be classified into two
main categories: acute and chronic. Acute inflammation is typically of relatively
short duration (hours to days), early responses to an injurious agent and is quickly
resolved. Inflammatory response is normally terminated once the disturbance is
eliminated, the infection is cleared, and damage tissue is repaired, followed by
resolution—the restoration of affected tissues to their normal structural and
functional state in acute inflammation [3,4]. Inflammation is normally activated
within minutes in any host with a functional innate immune system. The primary
cellular component of the innate immune system are macrophages, dendritic cells,
natural killer (NK) cell and neutrophils [5,6].

Macrophages are essential components of the mononuclear phagocyte
system, and they play crucial roles in the initiation, maintenance, and resolution of
inflammation. Macrophages are mature forms of mononuclear phagocytes derived
from the yolk sac or fetal liver and bone marrow [7,8]. From there, they enter the
peripheral bloodstream and continually migrate into all tissues and organs. They are
widely distributed throughout the body and exhibit significant variations in
functional behavior, not only as a result of the maturation/differentiation processes
but also due to local environmental conditions [9]. They can be programmed to
distinct functional phenotypes: the pro-inflammatory M1 type that functions as the
first line of defence in innate immunity by phagocytizing and killing invading
pathogens; and the anti-inflammatory M2 phenotype that resolves inflammation
and promotes tissue restoration [10,11]. During the inflammatory phase following
tissue injury, the innate immune system is activated, and pro-inflammatory
mediators are released. On exposure to inflammatory mediators such as

lipopolysaccharides (LPS), and other microbial products, macrophages may



undergo reprogramming to become the classical M1 phenotype. M1 phenotype
produces proinflammatory cytokines such as TNF-a, IL-1b, IL-6, and IL-12 [6,7].
M1 macrophages also increase the generation of reactive oxygen species (ROS) and
inducible nitric oxide synthase (iNOS) [8]. These macrophages possess cytotoxic
activity capable of killing pathogens and tumor cells but can also destroy normal
tissue. On the contrary, M2 macrophages are induced by factors such as IL-4 and
glucocorticoids. They are characterized by high expression of anti-inflammatory
proteins such as IL-10, TGF-b, and Arginase-1 (Arg-1), with immune-regulatory
functions that can promote immunity against parasites and repair damaged tissue
[12,15,16].

MicroRNAs (miRNAs) are small non-coding single-stranded RNAs
comprising 19-22 nucleotides and function as posttranscriptional regulators of gene
expression. Recent studies show evidence that miRNA can regulate cellular
processes such as cell proliferation, differentiation, and apoptosis [17,18]. MiRNAs
are known to regulate macrophage polarization and inflammation [19]. MiR-21 is
one of the most highly studied miRNAs in mammalian cells due to its role in
pathophysiological conditions. A few studies have reported the role of miR-21 in
modulating inflammation [20,21]. Our previous studies on osteoclasts and
macrophages indicated the pro-inflammatory nature of miR-21 [22,23].

Retinoic acid (RA), an active form of vitamin A, is a known antioxidant
with a positive role in a broad range of biological processes, including cell
proliferation, differentiation, morphogenesis, and cell apoptosis [24-28]. In this
study, we analyzed the effect of RA on LPS-induced inflammation in macrophages
and the role of miR-21. Our data provide evidence of inhibition of IKKa/b
activation by RA and that it can antagonize inflammation by down-regulating NF-
kB/miR-21 signaling. We propound that RA’s potential as a miRNA modulator to

alleviate excessive inflammation is worthy of further investigation.



2. MATERIALS AND METHODS

2.1 Reagents

All-trans-Retinoic acid (RA) (=97%) was purchased from Fujifilm Wako
Pure Chemicals Co., Ltd (Tokyo, Japan). Dimethyl sulfoxide (DMSO), LPS
(from Escherichia coli), and methyl thiazol tetrazolium (MTT) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). The antibodies against IRAK 1
(4504), IRAK 4 (4363), TRAF 6 (8028), TAK 1 (4505), phospho- TAK 1 (4508),
IKKa (2682), IKK (8943), phospho IKKa/p (2697), IkBa (4814), phospho- [kBa
(2859), NF-kB p65 (8242), phospho- NF-xB p65 (3033), B-actin (4970), and PCNA
(2586) were purchased from Cell Signaling Technology (Danvers, MA, USA).
MiRNeasy kit for miRNA isolation, pre miR-21, and anti miR-21 were from Qiagen
(Valencia, CA, USA). ELISA kits targeting mouse TNF-a, IL-1f, IL-6, IL-10, and

IL-4 were from Invitrogen (Thermo Fisher Scientific, Vienna, Austria).

2.2 Cell culture and RA/LPS treatment

RAW 264.7 macrophages (RAW cells) were purchased from RIKEN Cell
Bank (Tsukuba, Japan). Cells in early passages 4 -7 were cultured in Dulbecco’s
Modified Eagle low glucose medium (Nacalai Tesque, Inc., Kyoto, Japan),
supplemented with 10% heat-inactivated fetal bovine serum (Funakoshi, Tokyo,
Japan), and antibiotics (5 mg/ml of Penicillin, 5 mg/ml of Streptomycin, and 10
mg/ml Neomycin) (Gibco, Tokyo, Japan) under standard culture conditions of 37°C,
5% COz and 95% humidity. Semi-confluent cells were pre-treated with 50 puM RA
for 2h, followed by 4h exposure to 1 pg/ml LPS. The cells were processed for

studies as explained below.



2.3 MiRNA transfection

RAW cells cultured in 12-well plates were transfected with pre miR-21 or
anti miR-21 in OptiMEM medium (Invitrogen, NY, USA) using HiPerfect
transfection reagent (Qiagen) as per manufacturer’s protocol. At 48 h post-
transfection, transfected cells were used for PCR, ELISA, and phagocytosis

studies.

2.4 Cytotoxicity Assay

Cytotoxicity was determined by MTT assay. RAW cells were seeded in a
96-well plate at a density of 1x10* cells/well and maintained at 37°C for 24 h. The
cells were pretreated with 50 uM RA for 2 h before treatment with 1 ug/ml LPS for
4 h. The treated cells were cultured in fresh DMEM medium for 24 h, before
processing as per standard MTT protocol. The intracellular purple formazan was
quantified with a UV-Vis spectrophotometer at an absorbance of 570 nm

(Multiskan FC, Thermo Scientific, Pittsburgh PK, United States).

2.5 ROS generation assay

Intracellular ROS was studied by fluorescence microscopy and
spectrofluorometric methods, using OxiSelectTM Intracellular ROS Assay Kit
(Cell Biolabs, Inc., San Diego, CA, USA). Cells were seeded on coverslips in a 12-
well plate at a density of 1x10° cells/well (for fluorescence microscopy analysis) or
a 96-well plate at a density of 1x10* cells/well (for spectrofluorometric analysis).
Following RA/LPS treatment, as mentioned above, 10 mM 20,70-
Dichlorofluorescin diacetate (DCFH-DA) was added to cells at 37 °C for 1 h in the
dark. Cells on coverslips were fixed in 4% PFA, stained with 40,6-diamidino-2-

phenylindole (DAPI), and mounted on slides. Fluorescence was observed under a



confocal laser scanning microscope TCS SP8 (Leica, Wetzlar, Germany). The
fluorescence signal from cells in the 96-well plate was quantified using a
spectrofluorometer (DTX800, Beckman Coulter Inc., CA, USA) at excitation and

emission wavelengths 485 and 530 nm, respectively.

2.6 Detection of secreted proteins

RAW cells were seeded in a 96-well microplate at a density of 1x10*
cells/well. Following RA/LPS treatment, as mentioned above, the conditioned
medium from treated cells was centrifuged at 15,000 rpm, and the cleared
supernatant was used to analyze secreted proteins. ELISA was used for quantitative
detection of secreted forms of TNF-a, IL-1b, IL-6, IL-4, and IL-10. Nitrite (NO>)
accumulation in the conditioned medium was measured as an indicator of NO
production and detected using the Griess Reagent system kit (Promega, USA),
according to the manufacturer’s instructions. Arginase activity was assessed by
QuantiChrom™ Arginase Assay kit (BioAssay Systems, CA, USA), following the
kit protocol.

2.7 MiRNA isolation and RT-PCR

MiRNA-enriched total RNA was isolated using the miRNeasy kit (Qiagen).
RNA concentration and quality were assessed by measuring absorbances A260,
A280, and A230 using UV/VIS Biophotometer Plus (Eppendorf AG, Hamburg,
Germany). One mg total RNA was reverse transcribed to cDNA using the miScript
IT RT kit (Qiagen), according to the manufacturer’s instructions. The first-strand
cDNA was used with miScript primer assays and SYBR green polymerase chain
reaction (PCR) kit (Qiagen) to analyze precursor and mature forms of miR-21 using
StepOne Plus Real-Time PCR system (Applied Biosystems, CA, USA). Small non-
coding RNA RnU6 was used as a housekeeping gene to normalize the expressions
of precursor and mature forms of miR-21. Primary miR-21, pro-inflammatory
(TNF-a, IL-1b, IL-6, and iNOS), and anti-inflammatory (Arg-1, IL-10, and 1L.-4)
genes were analyzed by semi-quantitative PCR using DreamTaq Green PCR

Mastermix (Thermo Fisher Scientific, Tokyo, Japan) in Gene Atlas thermocycler



(Astec, Tokyo, Japan). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as the housekeeping gene to normalize primary miR-21 and the inflammation
response genes. The PCR products were electrophoresed on 1% agarose gel, and
resulting bands were detected using the LAS 4000 digital imaging system (Fujifilm,
Tokyo, Japan) and analyzed by Image Quant TL software (GE Healthcare Life

science, Tokyo, Japan).

2.8 Chromatin immunoprecipitation (cHIP) assay

ChIP assay was performed as per standard protocols. Briefly, RA/LPS
treated cells were cross-linked with 1% formaldehyde, and chromatin was isolated
using PierceTM Chromatin Prep module (Thermo Scientific). The chromatin was
immunoprecipitated with anti-NF-OEB p65 antibody or IgG (negative control),
using PierceTM agarose ChIP kit (Thermo Scientific). After stringent washing,
DNA was eluted and subjected to PCR using miR-21 primers encompassing NF-
OEB binding sites (set A: Forward 50-GGAGTGGATGGGTTCTGCCTTA-30 and

Reverse 50-CAAGGTGGATTGCATCGAGG-30; set B: Forward 50-
TGCAACAGACTGGCCTTC-30 and Reverse 50-
CATGCAAGACTGTTATCCAATCT-30).

2.9 Western Blot

RA/LPS treated cells were lysed in ice-cold N-PER reagent (Pierce, USA)
supplemented with protease inhibitors cocktail (Nacalai Tesque, Inc., Kyoto, Japan).
Protein concentrations were determined using the bicinchoninic acid (BCA) protein
assay kit (Thermo Scientific) following the manufacturer’s protocol. Ten
micrograms of cytoplasmic or nuclear extracts were resolved over 10% SDS-PAGE
gels and transferred to PVDF membranes (Immuno-blot, Bio-Rad, California,
USA) using a Bio-Rad Semi-Dry Electrophoretic Transfer Cell. The blotted
membranes were blocked with EzBlock Chemi (Atto, Tokyo, Japan) for 1 h at room
temperature and incubated overnight with primary antibodies at 4 _C, followed by

HRP conjugated IgG antibody for 1 h at room temperature. 3-actin or PCNA were



used as loading controls for cytoplasmic or nuclear extracts, respectively. The
enhanced chemiluminescence ECL reagent (GE Healthcare) was used to detect
immune reactivity. Images were obtained with the LAS 4000 digital imaging
system (Fujifilm). Band intensities were quantified by using Image Quant TL

software (GE Healthcare).

2.10 Immunofluorescence staining

RAW cells were cultured overnight on coverslips in 6-well plates at a
density of 3x10° cells/well. Following RA/LPS treatment, cells were fixed and
permeabilized using the Image-IT® Fix-Perm kit (Molecular Probes, USA).
Following fixing and blocking, the coverslips were incubated overnight with anti-
p65 rabbit antibody at 4°C and then incubated with goat anti-rabbit AlexaFluor 488
(Life Technologies, Carlsbad CA, USA) secondary antibody for 1 h at room
temperature (protected from light). Nuclei were stained with DAPI. Fluorescence

images were obtained using a confocal laser scanning microscope TCS SP8 (Leica).

2.11 Phagocytosis Assay

Phagocytic activity was assessed using an IgG FITC phagocytosis assay kit
(Cayman Chemical, Ann Arbor, MI, USA). Cells seeded in 24-well plates at a
density of 1x10° cells/well were treated with RA for 2 h followed by LPS for 4 h.
Post LPS treatment, cells were cultured in standard DMEM medium for 24 h. After
24 h, the cells were washed with PBS and incubated with rabbit IgG-FITC
conjugates latex beads for 3 h. Nuclei were counterstained with DAPI, and
fluorescence images were obtained using confocal laser scanning microscope TCS

SP8 (Leica).



2.12 Statistical analysis

Data are expressed as a mean * standard deviation of three independent
experiments. Data were analyzed by SPSS Statistics 20 software using one-way
analysis of variance (ANOVA) with LSD post-tests for multiple comparisons or by
unpaired, two-tailed t-test for single measurements. Differences were considered
statistically significant at p<0.05, and are represented with asterisks as follows: # p
< .05 vs. control; *p < .05 vs. LPS group; ##, p < .001 vs. control; **p < .001 vs.
LPS group.



3. RESULTS AND DISCUSSION

3.1 Results

3.1.1 RA inhibits LPS-induced cytotoxicity and ROS generation in macrophages

RAW macrophages were conditioned with 50 mM RA for 2 h before
treatment with 1 mg/ml LPS for 4 h and analyzed for cytotoxicity. The dose and
periods were based on our preliminary data on RA’s ROS prevention (data not
shown). MTT cytotoxicity assay showed that a 4 h treatment with LPS resulted in
a reduction in the number of viable cells by 20%. Treatment with RA alone did not
show a cytotoxic effect. Besides, it prevented the cytotoxicity induced by LPS
(Figure 1(A)). ROS generation was measured by using the cell-permeable ROS
indicator, DCFH-DA. The non-fluorescent DCFH-DA is transformed into highly
fluorescent 20,70-Dichlorofluorescin (DCF) in the presence of ROS. LPS treatment
enhanced the DCF fluorescence generation significantly compared to control cells
(Figure 1(B)). On the other hand, RA treatment completely suppressed the

intracellular fluorescence, indicating the total abolishment of ROS generation.
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Figure 1. RA arrests LPS-induced toxicity, and ROS generation in RAW 267.4
macrophages. RAW cells treated with 1 mg/ml LPS, with or without 50 mM RA
pretreatment were analyzed for (A) cytotoxicity, and (B) ROS generation by MTT,
and DCFH-DA assays respectively. Data is representative of 3 independent
experiments. ##, p < .001 vs. control; **, p < .001 vs. LPS group; # p < .05 vs.
control; *p < .05 vs. LPS group.

3.1.2 RA decreases LPS-induced expression of pro-inflammatory cytokines

The mRNA expression levels of genes related to pro-inflammation (TNF-a,
IL-1B, IL-6, and iNOS) and anti-inflammation (IL-4, IL-10, and Arg-1) were
analyzed by semi-quantitative PCR. LPS caused significant increases in expression
levels of IL-1B (20-fold), TNF-a (5-fold), iNOS (20-fold), and IL-6 (7-fold), and
moderately decreased the levels of IL-4 and Arg-1 (Fig. 2a). RA drastically reduced
the expression levels of pro-inflammatory genes and increased the expression of IL-
4 (1.5 fold) and Arg-1 (2.5 fold). RA also suppressed the LPS-induced
overexpression of pro-inflammatory genes. Analysis of secreted proteins by ELISA
revealed a similar pattern, i.e., LPS increased the secretion of IL-1f3, TNF-a, and
IL-6 (Fig. 2b). Nitric oxide was analyzed by Greiss assay, which utilizes nitrite

levels in the culture medium as an index of NO production by cells. Basal NO
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production by RAW cells was at the lower limit of the sensitivity of the nitrite assay.

Nitrite levels increased 2-fold in cells treated with LPS, whereas it was below

detection in cells treated with RA. LPS effect on pro-inflammatory cytokines and

NO production was counteracted by RA (Fig. 2b). Arginase activity, an index of

secreted arginase, could not be detected in any of the groups.
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Figure 2. RA decreases LPS-induced pro-inflammatory response of
macrophages. RAW cells treated with 1 mg/ml LPS, with or without 50 mM
RA pretreatment were analyzed for (A) cytokines expression by semi-
quantitative PCR, (B) secreted proteins by ELISA and (C) phagocyvtic activity.
Data is representative of 3 independent experiments. #%, p < .001 vs. control;
** p < 001 vs. LPS group: # p < .05 vs. control; *p < .05 vs. LPS group. Cell
images were captured at 40x magnification. Scale bar denotes 50um.
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3.1.3 RA abrogates phagocytic activity of macrophages

Phagocytosis, the process of recognizing and engulfing foreign bodies and
tissue debris, is another crucial role of macrophages in inflammation modulation.
We proceeded to study the effect on the phagocytic property by using latex beads
coated with fluorescently-labeled rabbit IgG as a probe. RAW cells treated with
LPS showed a high intensity of fluorescence, implying a high rate of phagocytosis.
Pretreatment with RA resulted in a significant reduction in the number of
fluorescent cells. In other words, RA nullified the phagocytic activity induced by
LPS (Figure 2(C)).

3.1.4 RA decrease miR-21 expression

Our previous study using diabetic mice showed that miR-21 was dysregulated
in diabetic wounds [22]. Besides, in vitro experiments using RAW cells indicated
that miR-21 was proinflammatory [16,17]. Hence, we studied the expression pattern
of miR-21 in RA/LPS treated cells. LPS indeed upregulated miR-21 at all levels
(primary, precursor, and mature forms) (Figure 3(A)), with concomitant
downregulation of PDCD4, a well-known target of miR-21. LPS-induced miR-21
upregulation and PDCD4 downregulation were attenuated by RA pretreatment. To
test if miR-21 was instrumental to the pro-inflammatory profile, we performed
miRNA transfection experiments to overexpress or subdue the expression of miR-
21 in the cells, using pre miR-21 or anti-miR-21, respectively. PDCD4 was used as
an indicator of successful transfection. Cells transfected with pre-miR-21 showed
reduced PDCD4 expression whereas those transfected with anti-miR-21 showed an
increase in PDCD4 expression, indicating successful overexpression or knockdown
of miR-21, respectively. MiR-21 overexpression caused a shift toward the M1
phenotype, with higher expression of pro-inflammatory cytokines at the levels of
gene (Figure 3(B)) and secreted proteins (Figure 3(C)). On the other hand, miR-21
knockdown resulted in reduced expression of the pro-inflammatory cytokines.
Phagocytosis assay also revealed a similar pattern; phagocytosis of fluorescent
beads was dramatically increased in pre miR-21 transfected cells, and almost
abolished in anti-miR-21 transfects (Figure 3(D)). We examined if RA could

modulate LPS-induced pro-inflammatory cytokines in miR-21 overexpressing cells.
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Treatment of LPS to the miR-21 overexpressing cells further induced a significant
increase in the expressions of IL-1b, TNF-a, and iNOS (Figure 3(E)). There was no
further increase in IL-6. Pretreatment with RA led to a decrease in the expression

of the inflammatory genes.
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Figure 3. RA decreases LPS-induced expression of miR-21. RAW cells treated
with 1 mg/ml LPS, with or without 50 mM RA pretreatment were analyzed for
miR-21 expression by PCR. (A) Primary form of miR-21 (Pri-miR-21) and
PDCD4 were analyzed by semi quantitative RT-PCR, and normalized to
GAPDH housekeeping gene. Precursor (Pre-miR-21) and mature (Mature-miR-
21) forms were analyzed by Real time PCR, and normalized to RnU6
housekeeping gene. Pre miR-21 or anti miR-21 transfect cells were analyzed for
(B) inflammatory cytokines expression by semi-quantitative PCR, (C) secreted
proteins by ELISA, and (D) phagocytic activity. (E) MiR-21 overexpressing
cells were subjected to RA/LPS treatment, and analyzed for inflammatory
cytokines expression by RT-PCR. Data is representative of 3 independent
experiments. ##, p < .001 vs. control; **, p <.001 vs. LPS group; # p < .05 vs.
control; *p <.05 vs. LPS group. Cell images were captured at 40x magnification.
Scale bar denotes SOum.

3.1.5 RA inhibit NF-kB activity

The study so far confirmed that RA abolished LPS’s proinflammatory activity.
It also indicated that miR-21 was responsible for the pro-inflammatory profile and
that RA nullified the shift by targeting miR-21 expression. We proceeded to
investigate the molecular mechanism of miR-21 regulation by RA. Since our
previous studies showed that miR-21 is strongly regulated by NF-«xB [23,28], we
asked if NF-kB was instrumental in this scenario. As miR-21’s promoter region

contains two potential binding sites for NF-kB p65 subunit [28-30], we analyzed



the direct interaction of p65 with the miR-21 promoter by ChIP analysis. LPS
induced an increased affinity of p65 to the miR-21 promoter; the association was
abolished by RA (Figure 4(A)). RNA and protein analyses revealed that LPS did
not have a significant effect on p65 at the RNA level, but induced the
phosphorylation of p65 and its nuclear localization (Figure 4(B)). Accumulation of
p65 in the nucleus was confirmed by immunofluorescence studies (Figure 4(C)).
RA significantly reduced the basal levels of p65 and suppressed the LPS-induced
translocation. Since PCR analysis of p65 showed a marginal inhibitory effect of RA
on p65 mRNA, it implied that RA regulated the NF-xB pathway at the protein level.
We proceeded to study the activation of the NF-kB family. LPS induced an increase
in the expressions of IRAK 4, IKKb, and phosphorylated forms of TAK 1 (phospho-
TAKI1), IKKa/b (phospho-IKKa/b), and IxBa (phospho-IkBa) (Figure 4(D)).
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Figure 4. RA inhibits NF-«xB activation. RAW cells treated with LPS and RA were
subjected to (A) ChIP assay with anti p65 antibody or nonspecific IgG (control),
followed by PCR amplification with two sets of miR-21 primers encompassing
NF-xB p65 binding sites. (B) RT-PCR and Immunoblot of NF-kB p65 in
cytoplasmic and nuclear extracts. GAPDH was used as house-keeping gene for
PCR; b-actin and PCNA were used as loading controls for cytoplasmic and nuclear
extracts, respectively. (C) Immunofluorescence of p65 subunit. Cell images were
captured at 63x magnification. Scale bar denotes S0mm. (D) Immunoblot of NF-
kB family in cytoplasmic extracts. b-actin was used as loading control.Data is
representative of 3 independent experiments. ##, p < .001 vs. control; **, p <.001
vs. LPS group; # p < .05 vs. control; *p < .05 vs. LPS group.
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IxBa is the NF-kB family’s inhibitory protein, binding to and preventing the
nuclear localization of p65. Phosphorylation of IKKa/b causes the activation of the
IKK complex and phosphorylation of IkBa by the complex. Phosphorylated IxBa
is ubiquitinated and degraded. p65 is released from the inhibitory complex and
subsequently translocates into the nucleus, where it binds to target genes and
functions as a transcription factor [25]. LPS-induced activation of the NF-xB
pathway was antagonized by pretreatment with RA. These results imply that RA
attenuates the pro-inflammatory profile of macrophages through negative

regulation of IKKa/b, p65, and miR-21 (Figure 5).
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Figure 5. Schematic illustration of negative influence of RA on LPS induced
inflammatory response via NF-kB/miR-21 signaling. LPS activates NF-xB
through induction and activation of IKK complex, which phosphorylates IkBa,
resulting in phosphorylation and nuclear translocation of p65. Binding of p65 to
miR-21 promoter leads to increased transcription of miR-21, which in turn
upregulates the expression of pro-inflammatory genes TNF-a, IL-1b, IL-6, and
iINOS. Retinoic acid (RA) abrogates this pro-inflammatory response by negative
regulation of the NF-«xB signaling pathway via inhibition of IKK a/b activation.
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3.2 Discussion

Retinoic acid (RA), an active form of vitamin A, plays an essential role in
controlling inflammatory disease [32—-34]. Studies indicate that RA mediates its
functions partly through miRNA regulation [29]. RA downregulates miRNAs
involved in inflammatory responses, such as miR-17, miR-20, and miR-106 [36].
Our previous studies on miR-21 implicated it as having a pro-inflammatory
function [22,23]. Furthermore, in vivo and in vitro experiments by several other
researchers revealed the upregulation of miR-21 by LPS stimulation [29,30,37].
MiR-21 shifts the macrophage polarization toward a proinflammatory phenotype
by activating NF-kB, and upregulating inflammatory genes [23]. In this study, we
show that RA modulates inflammatory response through negative regulation of
miR-21. The pro-inflammatory effect of miR-21 could be attributed to the
downregulation of its target gene, PDCD4. PDCD4 can drive alveolar macrophages
toward the anti-inflammatory M2 phenotype. Overexpression of PDCD4 increases
the expression of M2 markers Arg-1 and TGF-b1 [38]. It can also directly bind to
NF-kB p65 and prevent its nuclear translocation, thus inhibiting NF-kB-dependent
transcription of target genes [39]. NF-«B is a critical transcription factor involved
in the macrophage activation and inflammation process. Studies have shown that
NF-«B can be modulated by miRNAs. MicroRNAs miR-15, miR-16, and miR-223
can down-regulate NF-xB by binding to IKKa 30-UTR [40,41]. MiR-22 negatively
regulated LPS-induced inflammatory response by preventing p65 phosphorylation
[42]. We presume that miR-21 could be upregulating the NF-kB signaling pathway
by targeting PDCD4. Notably, miR-21 itself is upregulated by NF-«B. The
promoter region of the mir-21 gene has two potential NF-OEB responsive sites to
which the NF-kB p65 subunit can bind [22,28,30]. We observed that LPS induced
the direct binding of p65 to one of these binding sites and that the association was
attenuated in the presence of RA. RA was also effective in preventing IkBa
degradation by inhibiting phosphorylation and thus the activation of the upstream
molecules IKKa/b. Our data is consistent with other studies conducted in
myeloblastic cells, adipocytes, and mouse models [33,43,44]. Considering that RA

drastically reduces total p65 per se, we believe that RA could also be
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downregulating p65 protein through another mechanism and are currently
attempting to elucidate the same. Although miR-21 plays a dynamic role in
modulating inflammatory responses [7], its role in macrophage polarization is
controversial. Some studies show that miR-21 induces inflammation by
upregulating pro-inflammatory genes [21,23,37,45-47]. MiR-21 deficiency
inhibited M1 markers and enhanced M2 markers in peritoneal macrophages [21].
Dysregulation of miR-21 induces a chronic inflammatory state [48]. On the contrary,
a few others reveal its anti-inflammatory profile, through suppression of M1
phenotype [7,20,49,50]. MiR-21 appears to be involved in a number of positive and
negative feedback loops [51], and signaling pathways such as NF-kB, STAT3, and
PI3K could be major controlling factors determining miR-21’s role in inflammatory
responses [23,52]. It is suggested that several factors such as the healing phase of
the diseased tissue or the target mRNAs engaged in the specific disease condition
could be deciding the functional consequences of miR-21 upregulation [19,29].
Albeit, rapid induction of miR-21 following pathogenic infection [53] and its
general recognition as a prognostic biomarker [29] make it an ideal candidate for

therapeutic intervention.

4. CONCLUSION

Our current study suggests that miR-21 has a significant role in the pro-
inflammatory profile of macrophages and that RA negatively regulates the
inflammatory response by targeting NF-xB/miR-21 signaling. RA, thus, displays
good potential for use as a pharmacological agent to manipulate miR-21 and

counteract chronic inflammation.



22

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

R. Medzhitov, Inflammation 2010: New Adventures of an Old Flame, Cell.

(2010). https://doi.org/10.1016/j.cell.2010.03.006.

P. Libby, Inflammatory Mechanisms: The Molecular Basis of Inflammation
and Disease, Nutr. Rev. 65 (2007). https://doi.org/10.1111/j.1753-
4887.2007.tb00352.x.

C. Nathan, A. Ding, Nonresolving Inflammation, Cell. 140 (2010) 871-882.
https://doi.org/10.1016/j.cell.2010.02.029.

R. Medzhitov, Inflammation 2010: New Adventures of an Old Flame, Cell.
140 (2010) 771-776. https://doi.org/10.1016/j.cell.2010.03.006.

S. Akira, S. Uematsu, O. Takeuchi, Pathogen recognition and innate immunity,
Cell. 124 (2006) 783-801. https://doi.org/10.1016/j.cell.2006.02.015.

S. Van Linthout, K. Miteva, C. Tschope, Crosstalk between fibroblasts and
inflammatory  cells,  Cardiovasc.  Res. 102 (2014)  258-269.

https://doi.org/10.1093/cvr/cvu062.

[7] Essandoh K, Li Y, Huo J, et al. MiRNA-mediated macrophage polarization and

(8]

its potential role in the regulation of inflammatory response. Shock. 2016;
46(2):122-131.
Theret M, Mounier R, Rossi F. The origins and non-canonical functions of

macrophages in development and regeneration. Dev. 2019;146(9):dev156000.

[9] Davies LC, Jenkins SJ, Allen JE, et al. Tissue-resident macrophages. Nat

Immunol. 2013;14(10):986-995.

[10] Kim SY, Nair MG. Macrophages in wound healing: activation and plasticity.

Immunol Cell Biol. 2019;97(3):258-267.


https://doi.org/10.1093/cvr/cvu062

23

[11] Snyder RJ, Lantis J, Kirsner RS, et al. Macrophages: a review of their role in
wound healing and their therapeutic use. Wound Repair Regen.
2016;24(4):613-629.

[12] Porta C, Riboldi E, Ippolito A, et al. Molecular and epigenetic basis of
macrophage polarized activation. Semin Immunol. 2015; 27(4):237-248.

[13] Koh TJ, DiPietro LA. Inflammation and wound healing: the role of the
macrophage. Expert Rev Mol Med. 2011;13:e23.

[14] Lubos E, Handy DE, Loscalzo J. Role of oxidative stress and nitric oxide in
atherothrombosis. Front Biosci. 2008;13:5323-5344.

[15] Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas.
J Clin Invest. 2012;122(3):787-795.

[16] Mosser DM, Edwards JP. Exploring the full spectrum of macrophage
activation. Nat Rev Immunol. 2008;8(12):958-969.

[17] Bushati N, Cohen SM. MicroRNA functions. Annu Rev Cell Dev Biol.
2007;23:175-205.

[18] Deiuliis JA. MicroRNAs as regulators of metabolic disease: pathophysiologic
significance and emerging role as biomarkers and therapeutics. Int J Obes.
2016;40(1):88—-101.

[19] Liu G, Abraham E. MicroRNAs in immune response and macrophage
polarization. Arterioscler Thromb Vasc Biol. 2013;33(2): 170-177.

[20] Caescu CI, Guo X, Tesfa L, et al. Colony stimulating factor-1 receptor
signaling networks inhibit mouse macrophage inflammatory responses by
induction of microRNA-21. Blood. 2015; 125(8):el—e13.

[21] Wang Z, Brandt S, Medeiros A, et al. MicroRNA 21 Is a homeostatic regulator



24

of macrophage polarization and prevents prostaglandin e2-mediated M2
generation. PLoS One. 2015;10(2): e0115855.

[22] Madhyastha R, Madhyastha H, Pengjam Y, et al. The pivotal role of
microRNA-21 in osteoclastogenesis inhibition by anthracycline glycoside
aloin. J Nat Med. 2019;73(1):59-66.

[23] Madhyastha R, Madhyastha H, Nurrahmah QI, et al. MicroRNa 21 elicits a
pro-inflammatory response in macrophages, with exosomes functioning as
delivery vehicles. Inflammation J. 2021. DOI: 10.1007/s10753-021-01415-0

[24] Lee HP, Casadesus G, Zhu X, et al. All-trans retinoic acid as a novel
therapeutic strategy for Alzheimer’s disease. Expert Rev Neurother.
2009;9(11):1615-1621.

[25] Molina-Jij_on E, Rodr _1guez-Mu~noz R, Namorado M del C, et al. Alltrans
retinoic acid prevents oxidative stress-induced loss of renal tight junction
proteins in type-1 diabetic model. J Nutr Biochem. 2015;26(5):441-454.

[26] SiddikuzzamanGrace VMB. Antioxidant potential of all-trans retinoic acid
(ATRA) and enhanced activity of liposome encapsulated ATRA against
inflammation and tumor-directed angiogenesis. Immunopharmacol
Immunotoxicol. 2013;35(1):164—173.

[27] Conte da Frota ML, Gomes da Silva E, Behr GA, et al. All-trans retinoic acid
induces free radical generation and modulate antioxidant enzyme activities in
rat sertoli cells. Mol Cell Biochem. 2006; 285(1-2):173-179.

[28] Madhyastha R, Madhyastha H, Pengjam Y, et al. NFkappaB activation is
essential for miR-21 induction by TGFb1 in high glucose conditions. Biochem

Biophys Res Commun. 2014;451(4):615-621.



25

[29] Sheedy FJ. Turning 21: induction of miR-21 as a key switch in the
inflammatory response. Front Immunol. 2015;6:19.

[30] Zhou R, Hu G, Gong AY, et al. Binding of NF-kappaB p65 subunit to the
promoter elements is involved in LPS-induced transactivation of miRNA
genes in human biliary epithelial cells. Nucleic Acids Res. 2010;38(10):3222—
3232.

[31] Perkins ND. The diverse and complex roles of NF-jB subunits in cancer. Nat
Rev Cancer. 2012;12(2):121-132.

[32] Mielke LA, Jones SA, Raverdeau M, et al. Retinoic acid expression associates
with enhanced IL-22 production by cd T cells and innate lymphoid cells and
attenuation of intestinal inflammation. J Exp Med. 2013;210(6):1117-1124.

[33] Hong K, Zhang Y, Guo Y, et al. All-trans retinoic acid attenuates experimental
colitis through inhibition of NF-jB signaling. Immunol Lett. 2014;162(1):34—
40.

[34] Behairi N, Belkhelfa M, Rafa H, et al. All-trans retinoic acid (ATRA) prevents
lipopolysaccharide-induced neuroinflammation, amyloidogenesis and memory
impairment in aged rats. J Neuroimmunol. 2016;300:21-29.

[35] Gholikhani-Darbroud R. MicroRNA and retinoic acid. Clin Chim Acta.
2020;502:15-24.

[36] Wang L, Rohatgi AP, Wan YJY. Retinoic acid and microRNA. Methods
Enzymol. 2020;637:283-308.

[37] Fabbri M, Paone A, Calore F, et al. MicroRNAs bind to toll-like receptors to
induce prometastatic inflammatory response. Proc Natl Acad Sci USA.

2012;109(31):E2110-E2116.



26

[38] Zhong B, Yang X, Sun Q, et al. Pdcd4 modulates markers of macrophage
alternative activation and airway remodeling in antigen-induced pulmonary
inflammation. J Leukoc Biol. 2014;96(6): 1065-1075.

[39] Hwang SK, Baker AR, Young MR, et al. Tumor suppressor PDCD4 inhibits
NF-kB-dependent transcription in human glioblastoma cells by direct
interaction with p65. Carcinogenesis. 2014;35(7): 1469-1480.

[40] Li T, Morgan MJ, Choksi S, et al. MicroRNas modulate the noncanonical
transcription factor NF-kappaB pathway by regulating expression of the kinase
IKKalpha during macrophage differentiation. Nat Immunol. 2010; 11(9):799—
805.

[41] M’baya-Moutoula E, Louvet L, Molinie R, et al. A multi-omics analysis of the
regulatory changes induced by miR-223 in a monocyte/macrophage cell line.
Biochim Biophys Acta Mol Basis Dis. 2018; 1864(8):2664—-2678.

[42] Youn GS, Park JK, Lee CY, et al. MicroRNA-22 negatively regulates LPS-
induced inflammatory responses by targeting HDAC6 in macrophages. BMB
Rep. 2020; 53(4):223-228.

[43] Austenaa LM, Carlsen H, Hollung K, et al. Retinoic acid dampens LPS-
induced NF-kappaB activity: results from human monoblasts and in vivo
imaging of NF-kappaB reporter mice. J Nutr Biochem. 2009;20(9):726-734.

[44] Karkeni E, Bonnet L, Astier J, et al. All-trans-retinoic acid represses
chemokine expression in adipocytes and adipose tissue by inhibiting NF-jB
signaling. J Nutr Biochem. 2017;42:101-107.

[45] Ando Y, Yang GX, Kenny TP, et al. Overexpression of microRNA-21 is

associated with elevated pro-inflammatory cytokines in dominant-negative



27

TGF-b receptor type Il mouse. J Autoimmun. 2013;41:111-119.

[46] Shi C, Liang Y, Yang J, et al. MicroRNA-21 knockout improve the survival
rate in DSS induced fatal colitis through protecting against inflammation and
tissue injury. PLoS One. 2013;8(6): e66814.

[47] Yang J, Zhang L, Yu C, et al. Monocyte and macrophage differentiation:
circulation inflammatory monocyte as biomarker for inflammatory diseases.
Biomark Res. 2014;2(1):1-9.

[48] Ti D, Hao H, Fu X, et al. Mesenchymal stem cells-derived exosomal
microRNAs contribute to wound inflammation. Sci China Life Sci.
2016;59(12):1305-1312.

[49] Das A, Ganesh K, Khanna S, et al. Engulfment of apoptotic cells by
macrophages: a role of microRNA-21 in the resolution of wound inflammation.
J Immunol. 2014;192(3):1120-1129.

[50] Barnett RE, Conklin DJ, Ryan L, et al. Anti-inflammatory effects of miR-21
in the macrophage response to peritonitis. J Leukoc Biol. 2016;99(2):361-371.

[51] Krichevsky A, Gabriely G. miR-21: a small multi-faceted RNA. J Cell Mol
Med. 2009;13(1):39-53.

[52] Kumarswamy R, Volkmann I, Thum T. Regulation and function of miRNA-
21 in health and disease. RNA Biol. 2011;8(5):706-713.

[53] Cameron JE, Fewell C, Yin Q, et al. Epstein-Barr virus growth/ latency III

program alters cellular microRNA expression. Virology.2008;382(2):257-266.



