Research Article

Journal of INMN a..te
Immunity

JInnate Immun 2019;11:347-358
DOI: 10.1159/000495472

Received: April 27,2018
Accepted after revision: November 1,2018
Published online: January 9, 2019

The miR-183/96/182 Cluster Regulates
Macrophage Functions in Response to

Pseudomonas aeruginosa

Chithra K. Muraleedharan?®

Sharon A. McClellan® Sandamali A. Ekanayaka?®

Rebecca Francis® Alex Zmejkoski® Linda D. Hazlett® Shunbin Xu?

2Department of Ophthalmology, Visual and Anatomical Sciences, Wayne State University School of Medicine,
Detroit, MI, USA; Plrvin D. Reed Honors College, Wayne State University, Detroit, MI, USA

Keywords

MicroRNA - miR-183/96/182 cluster - Macrophages -
Pseudomonas aeruginosa - Lipopolysaccharides -
DNAX-activating protein 12 kDa - DAP12 - NADPH

oxidase 2 - Nox2 - Inflammation - Reactive oxygen species -
Reactive nitrogen species

Abstract

Macrophages (M) are an important component of the in-
nate immune system; they play critical roles in the first line
of defense to pathogen invasion and modulate adaptive im-
munity. MicroRNAs (miRNAs) are a newly recognized, impor-
tant level of gene expression regulation. However, their roles
in the regulation of M¢ and the immune system are still not
fully understood. In this report, we provide evidence that the
conserved miR-183/96/182 cluster (miR-183/96/182) modu-
lates M¢ function in their production of reactive nitrogen
(RNS) and oxygen species (ROS) and their inflammatory re-
sponse to Pseudomonas aeruginosa (PA) infection and/or li-
popolysaccharide (LPS) treatment. We show that knock-
down of miR-183/96/182 results in decreased production of
multiple proinflammatory cytokines in response to PA or LPS

treatment in M¢-like Raw264.7 cells. Consistently, peritone-
al M¢ from miR-183/96/182-knockout versus wild-type mice
are less responsive to PA or LPS, although their basal levels
of proinflammatory cytokines are increased. In addition,
overexpression of miR-183/96/182 results in decreased pro-
duction of nitrite and ROS in Raw264.7 cells. We also provide
evidence that DAP12 and Nox2 are downstream target
genes of miR-183/96/182. These data suggest that miR-
183/96/182 imposes global regulation on various aspects of
Mo function through different downstream target genes.
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Published by S. Karger AG, Basel

Introduction

Myeloid phagocytes, including macrophages (M¢),
neutrophils, and dendritic cells, are important compo-
nents of the innate immune system and provide a first line
of host defense against pathogen invasion. The cells are
capable of ingestion and destruction of invading organ-
isms, producing cytokines to evoke inflammatory re-
sponses, processing and presenting microbial antigens on
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their surface, and eliciting and modulating adaptive im-
mune responses [1]. However, an uncontrolled inflam-
matory response, including persistence of neutrophils,
also contributes to the collateral damage to host tissues
during the host response to infection [2]. A deeper under-
standing of the molecular mechanisms underlying these
processes is of great importance to develop new strategies
to enhance innate immunity, eliminate the invading
pathogen, coordinate adaptive immunity, and avoid by-
stander tissue damage.

In this regard, microRNAs (miRNAs) are a newly rec-
ognized, important mechanism of gene expression regu-
lation at a posttranscriptional level [3]. They are proven
to play important roles in all organ systems under physi-
ological as well as pathological conditions [4] and are vi-
able therapeutic targets for the treatment of human dis-
eases [5]. miRNAs target their downstream messenger
RNAs (mRNAs) by base pairing to their target sites with
sequence complementarity, mainly in the 3" untranslated
region, and induce the breakdown and/or inhibition of
translation of the targeted mRNAs [3]. At least 30% of
the protein-coding genes are estimated to be regulated
by miRNAs. One miRNA can target up to hundreds of
downstream target mRNAs, while 1 mRNA can be tar-
geted by multiple miRNAs, forming an intricate regula-
tory network. miRNAs impose quantitative regulation of
their downstream target genes, making them an ideal
mechanism to fine tune the functions of both innate and
adaptive immune systems [6].

The miR-183/96/182 cluster (miR-183/96/182) is a
conserved polycistronic paralogous miRNA cluster, in-
cluding miR-183, -96 and -182 (in the sequence of tran-
scription), which are clustered within 5 kb in the genomes
of both mice and humans [7]. It was originally identified
as a sensory organ-specific miRNA cluster [7, 8]. We and
others have shown that miR-183/96/182 is required for
the normal function of all major sensory organs, includ-
ing vision [8], hearing and balance [8-10], olfaction [11],
and pain [12]. Recently, mounting evidence from our
group and others demonstrated that member(s) of miR-
183/96/182 are also expressed and play important roles in
both innate [13-16] and adaptive immune systems [17-
19], suggesting that miR-183/96/182 provides one of the
first shared genetic links between the immune and tradi-
tional sensory systems, supporting the recently emerging
concept of the immune system as a sensory system [20].

In our recent study on miR-183/96/182 in a mouse
model of bacterial keratitis [13], we hypothesized that,
since miR-183/96/182 is highly expressed in all sensory
neurons, and the cornea is one of the most such inner-
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vated tissues, miR-183/96/182 may play a significant role
in its response to Pseudomonas aeruginosa (PA) through
its modulation of neuroinflammation in the cornea. PA
is a gram-negative bacterium and an important human
pathogen. It is also the most commonly recovered caus-
ative organism in contact lens-related keratitis in devel-
oped countries and induces rapid corneal destruction and
blindness [21]. Our data provided evidence that inactiva-
tion of miR-183/96/182 in mice resulted in a significantly
decreased inflammatory response with decreased severity
of keratitis [13]. Furthermore, we showed that miR-183/
96/182 is expressed in myeloid cells, M¢$ and neutrophils
in both mice and humans. In both species, miR-182 and
miR-183 predominated among the 3 components of miR-
183/96/182 [13]. More importantly, we showed that miR-
183/96/182 limits phagocytosis and intracellular bacterial
killing capacity in both M¢ and neutrophils and that
knockdown or knockout (ko) of miR-183/96/182 in M¢
and neutrophils reversed those functions [13].

Based on these data, we hypothesize that miR-183/
96/182 plays important roles in myeloid phagocyte func-
tions and regulates their functions in inflammatory re-
sponses to bacterial infection, for example. To test this
hypothesis, we investigated the role of miR-183/96/182
in M¢ with regard to the ability of the cluster to modu-
late the production of inflammatory cytokines and reac-
tive nitrogen (RNS) and oxygen species (ROS) in re-
sponse to PA and/or lipopolysaccharide (LPS) stimula-
tion. Weprovideevidence thatmiR-183/96/182regulates
the production of proinflammatory cytokines, RNS, and
ROS in M¢. Mechanistically, we provide evidence that
DNAX-activating protein 12 kDa (DAP12) (also known
as TYRO protein tyrosine kinase binding protein
[TYROBP]),and NADPH oxidase 2 (Nox2) (also known
as cytochrome b-245 3 polypeptide [Cybb]), which play
important roles in cytokine and RNS/ROS production
in M¢, are potential downstream target genes of miR-
183/96/182.

Materials and Methods

Mice

All animals were handled in accordance with NIH guidelines
and the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. All animal protocols were approved by the
Institutional Animal Care and Use Committee at the Wayne State
University. miR-183/96/182 ko mice, miR-183CSY/ST, are on a
129S2/BL6-mixed background [8] and were originally derived
from a gene trap (GT) embryonic stem cell clone [22]. Male and
female young adult (8-week-old) ko mice and their wild-type (wt)
littermates (miR-183C*/*) were used in this study.
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In vitro Transfection of miRNA Mimics and Anti-miRs in

Mouse Raw264.7 Cells and Stimulation with PA and LPS

Raw264.7 M¢-like cells, a cell line derived from the mouse,
were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) (referred to as Raw cells from here
on). 4 x 10° Raw cells were plated in a 48-well plate and transfect-
ed with anti-miR-183/anti-miR-182(/anti-miR-96) (10 nM for
each) or negative control anti-miR oligonucleotides with scram-
bled sequences (10 nM; Exiqon, Vedbaek, Denmark), or miRNA
mimics of miR-183/miR-182(/miR-96) (10 nM for each), or nega-
tive control mimics (10 nM; ThermoFisher) using RNAiMax Lipo-
fectamine (ThermoFisher) as described before [23]. All experi-
ments were conducted using 3-4 replicate wells. Forty-eight hours
after transfection, PA (ATCC strain 19660; 1 x 107 colony forming
units/well; multiplicity of infection [MOI] 25) or LPS (100 ng/mL)
(from PA serotype 10; Sigma-Aldrich) was added. Six hours after
PA or LPS treatment, cells were harvested for RNA preparation,
and the supernatant was harvested for ELISA.

Isolation of Mouse Elicited Peritoneal M¢ and Stimulation

with PA or LPS

Mouse peritoneal M¢ were isolated as described previously
[13]. Briefly, M¢ were elicited into the peritoneal cavity by intra-
peritoneal injection of 1 mL of 3% Brewer’s thioglycollate medium
(BD Biosciences, Sparks, MD, USA) 5 days before harvesting. Cells
were collected by peritoneal lavage with DMEM containing 10%
heat-inactivated fetal bovine serum (FBS; Invitrogen Life Tech-
nologies, Carlsbad, CA, USA), penicillin (100 U/mL; Invitrogen),
and streptomycin (100 ug/mL; Invitrogen). Cells were stained with
0.4% trypan blue, and viable cells (>95%) were counted with a he-
mocytometer. Peritoneal M¢ were seeded in 48-well plates at a
density of 1 x 10° cells/well (n = 4 wells/group) (in 250 uL/well)
and incubated at 37 °C overnight. The following day, M¢ were
washed once with growth medium (DMEM containing 1% FBS)
and stimulated with LPS (100 ng/mL) for 6 h at 37°C. In a separate
similar experiment, M¢ were challenged with PA (ATCC strain
19660, MOI 25) for 6 h. M¢ were mock treated with growth me-
dium and incubated for 6 h at 37 °C to serve as the negative con-
trols.

RNA Preparation and Real-Time RT-PCR

Total RNA was prepared using the miRVana miRNA isolation
kit (Life Technologies, Foster City, CA, USA) for miRNA or the
RNeasy (Qiagen, Frederick, MD, USA) for mRNA studies as de-
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scribed before [13]. Quantitative (q) RT-PCR for miRNAs was
performed using TagMan miRNA primers and the RT-PCR kit
(Life Technologies) on a CFX Connect Real-time System (Bio-Rad,
Hercules, CA, USA) with snRNA U6 as an endogenous control;
qRT-PCR assays of protein-coding genes were performed using
the QuantiFast SYBR Green RT-PCR kit and QuantiTect primers
(Qiagen) with 18s rRNA as endogenous controls as described be-
fore [13].

Western Blot Analysis

Western blot was performed following a standard protocol as
we described previously [24]. Briefly, the protein lysate from Raw
cells was homogenized using a pellet pestle motor (Fisher Scien-
tific, Chicago, IL, USA) in RIPA buffer with a protease inhibitor
cocktail, including 0.5 uM 4-(2-aminoethyl)benzenesulfonyl fluo-
ride hydrochloride (AEBSF); 0.4 uM aprotinin, 10 uM leupeptin, 20
uM bestatin, 7.5 uM pepstatin A, and 7.0 uM E-64 (Sigma). Samples
were sonicated followed by centrifugation at 12,000 g for 20 min.
Total protein was quantified by the Micro BCA protein assay kit
(ThermoFisher). Total protein samples (up to 40 pg) were run on
a16% SDS-PAGE in Tris-glycine-SDS buffer and then electroblot-
ted onto nitrocellulose membranes (Bio-Rad). After blocking with
3% BSA TBST (TBS containing 0.05% Tween 20 and 3% BSA) for
1 h, the membranes were probed with primary antibodies for
DAP12 (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
in 3% BSA TBST overnight at 4°C. After 3 washes with TBST, the
membranes were incubated with HRP secondary antibody (1:
1,000) diluted in TBST with 3% BSA at room temperature for 2 h.
Bands were developed with SuperSignal West Femto chemilumi-
nescent substrate (ThermoScientific) and visualized using a Kodak
image station, 4000R Pro molecular imaging system (Carestream
Health Inc., Rochester, NY, USA). Band intensity was quantified
by using AlphaView software.

ELISA

Protein levels for IL-1f, Cxcl2, Ccl2, TNFa, and DAP12 were
tested using ELISA kits (R&D Systems, Minneapolis, MN, USA
[for IL-1PB, Cxcl2, Ccl2, and TNFa]; MyBioSource.com, San Diego,
CA, USA [for DAP12]) as described before [13]. Briefly, 50 puL of
the supernatant of the culture medium (for TNFa, IL-1f, Ccl2, and
Cxcl2) or cell lysate (for DAP12) were used for ELISA according
to the manufacturer’s instruction. Sensitivities of ELISAs were 2.31
pg/mL for IL-1p, 1.5 pg/mL for Cxcl2, 2 pg/mL for Ccl2, 1.88 pg/
mL for TNFa, and 0.163 ng/mL for DAP12.
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Fig. 2. Knockdown of miR-183/96/182 function in Raw cells results in a decreased inflammatory response to LPS
treatment. a, b qRT-PCR analysis of miR-182 and miR-183 in Raw cells. c-e qRT-PCR analysis of IL-1f (c), Cxcl2
(d), and TNFa (e). Relative expression (Rel exp) levels were normalized to the negative control with scrambled
sequence (scr) without treatment. f-h ELISA of Ccl2, Cxcl2, and TNFa. 183C, anti-miR-183 cluster. * p < 0.05.

** p <0.01; *** p < 0.001. n = 4/condition.

Griess Assay

Raw cells (1 x 10°) were plated in a 48-well plate and transfect-
ed with miRNA mimics of miR-183, -182, and -96 (10 nM for each)
or negative control mimics (10 nM; ThermoFisher) using RNAiMax
Lipofectamine (ThermoFisher) as described above. Forty-eight
hours after transfection, PA (ATCC strain 19660, MOI 25) was
added. Three hours after PA treatment, the supernatant was col-
lected to perform the Griess assay for nitrite determination accord-
ing to the manufacturer’s instructions (ThermoFisher Scientific).
Briefly, in a microplate, for each well, 20 pL of Griess reagent, 150
uL of samples, and 130 L of deionized water were added and in-
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cubated for 30 min at room temperature. After incubation, absor-
bance was measured using a Spectra Max plus 384 microplate
reader (Molecular Devices) at 548 nm. All experiments were con-
ducted with 4 replicate wells.

ROS Assay

Raw cells were plated (1 x 10°) in a 96-well plate and trans-
fected with anti-miR-183/-182/-96 (10 nM for each) or negative
control anti-miR oligonucleotides with scrambled sequences (10
nM; Exiqon, Vedbaek, Denmark), using RNAiMax Lipofectamine
(ThermoFisher) as described before [13]. Forty-eight hours after
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transfection, an ROS assay was performed using the CM-H,DCFDA
general oxidative stress indicator kit (ThermoFisher Scientific) ac-
cording to the manufacturer’s instructions. Briefly, a working solu-
tion of 1 pM CM-H,DCFDA was loaded to the cells and incubated
for 30 min at 37 °C. After incubation, the cells were washed twice
with PBS; fresh media (DMEM + 1% FBS) were added followed by
challenge with PA (strain 19660, ATCC, MOI 25). Three hours after
treatment, fluorescence was measured with approximate fluores-
cence excitation and emission at 492-495/517-527 nm using a Spec-
tra Max Gemini EM plate reader (Molecular Devices). All experi-
ments were conducted with 4 replicate wells.

Statistical Analysis

A two-tailed Student’s f test was used to determine significance.
p < 0.05 was considered significant. When the comparison was
made among more than 2 conditions, one-way ANOVA with Bon-
ferroni’s multiple comparison test was employed. Each experi-
ment was repeated at least twice to ensure reproducibility, and data
from a representative experiment are shown. All quantitative data
are expressed as the mean * standard error of the mean (SEM).

Results

PA and LPS Induce the Expression of miR-183 and

miR-182 in Raw Cells

To test the response of miR-183/96/182 in M¢ to PA
and to its major outer membrane component, LPS, we
treated Raw cells with PA (ATCC19660, MOI 25) or LPS
(100 ng/mL). Six hours later, we harvested the cells and
performed qRT-PCR analysis on the processed RNA.
Our data showed that both PA and LPS treatment signi-
ficantly induced the expression of miR-182 and miR-183
(Fig. 1), suggesting that miR-183/96/182 is involved in
the M¢ response to PA and LPS stimulation. miR-96,
which is barely expressed in M¢ and neutrophils [13], was
not significantly changed (data not shown), suggesting
cell type- and miRNA-specific maturation mechanisms
in the posttranscriptional maturation of miR-183, -182,
and -96, given that all 3 miRNAs are cotranscribed from
the same gene [7, 8].

miR-183/96/182 Regulates Cytokine Production in

Response to PA or LPS

To begin to understand the roles of miR-183/96/182
in the inflammatory response in M¢, we knocked down
the function of the cluster in Raw cells by transfection of
anti-miR-183 and -182 (anti-miR-183/-182; 10 nM each),
the functional components of miR-183/96/182 in M¢
(Fig. 2) [13]. Forty-eight hours after transfection, cells
were treated with PA (ATCC strain 19660, MOI 25) or
LPS (100 ng/mL) for 6 h. qRT-PCR results showed that
miR-183 and -182 were down-regulated (Fig. 2a, b) when
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Fig. 3. Knockdown of miR-183/96/182 function in Raw cells re-
sults in a decreased inflammatory response to PA treatment. qRT-
PCR analysis of Cxcl2 (a) and Ccl2 (b). Relative expression
(Rel exp) levels were normalized to the negative control with
scrambled sequence (scr) without treatment. 183C, anti-miR-183
cluster. * p < 0.05; *** p < 0.001. n = 4/condition.

compared to the negative controls, while the expression
of miR-96 was unaffected (data not shown). Further-
more, qRT-PCR analysis showed that knockdown of
miR-183/96/182 resulted in significant reduction in LPS-
induced expression of IL-1p, Cxcl2, and TNFa at mRNA
levels (Fig. 2c-e); ELISA further demonstrated that
knockdown of miR-183/96/182 function significantly in-
hibited LPS-induced production of Ccl2, Cxcl2, and
TNFa at the protein level in the supernatant (Fig. 2f-h).
Knockdown of miR-183/96/182 also inhibited PA-in-
duced production of Ccl2 and Cxcl2 at the mRNA level

(Fig. 3).

Inactivation of miR-183/96/182 Increases Basal

Levels of Proinflammatory Cytokine Expression in Md¢

but Their Responsiveness to PA and LPS Stimulation

Decreases

To study the in vivo functions of miR-183/96/182 in
M¢, we isolated elicited peritoneal M¢ from miR-183/
96/182 ko and wt mice and stimulated them with PA
(ATCC strain 19660, MOI 25) or LPS (100 ng/mL). Six
hours after stimulation, we harvested cellular RNA for
qRT-PCR and supernatant for ELISA. Our qRT-PCR re-
sults showed that the unstimulated elicited peritoneal M¢
from the ko mice have increased basal levels of multiple
proinflammatory cytokines/chemokines, including IL-
1P, Cxcl2, and Ccl2, when compared to the ones from wt
control mice (Fig. 4a). ELISA confirmed this trend at the
protein level (Fig. 4b). Furthermore, after PA and LPS
treatment, although the expression of these cytokines/
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chemokines was increased in the M¢ from both ko and
wt mice (Fig. 4c—e), the peritoneal M¢ from ko mice
showed significantly decreased induction when normal-
ized to their own nontreated controls (Fig. 4f-h), suggest-
ing decreased responsiveness to LPS and PA challenge.

miR-183/96/182 Modulates M¢ ROS and RNS

Production

Previously, we showed that knockdown of miR-183/
96/182 in Raw cells increased their phagocytosis and in-
tracellular killing capacity, while overexpression of miR-
183/96/182 led to decreased phagocytosis and intracellu-
lar killing of PA [13]. Consistently, peritoneal neutrophils
from miR-183/96/182 ko mice showed an increased
phagocytosis and intracellular killing of PA compared to
cells from wt control mice [13], suggesting miR-183/
96/182 limits the phagocytosis and intracellular killing

352 J Innate Immun 2019;11:347-358
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capacity of innate phagocytes. Itis well known that phago-
cyte-derived ROS and RNS play a key role in intracellular
killing and host defense to microbial pathogens [25].
Therefore, we hypothesized that miR-183/96/182 limits
the phagocytosis and intracellular killing capacity of in-
nate phagocytes through ROS and/or RNS production
regulation. To test this hypothesis, we used a Griess assay
to detect nitrite (NO,") in Raw cells. Our results showed
that overexpression of miR-183/96/182 led to a decreased
level of nitrite in Raw cells (Fig. 5a). To test the effect of
miR-183/96/182 on ROS production, we performed an
ROS assay using CM-H,DCFDA as an indicator of intra-
cellular ROS. Overexpression of miR-183/96/182 result-
ed in decreased ROS production (Fig. 5¢), while knock-
down of miR-183/96/182 led to an increased trend of
ROS production in Raw cells challenged by PA (Fig. 5¢).
These findings suggest that miR-183/96/182 directly reg-
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ulates ROS and RNS production in phagocytes, which
contributes to its modulation of their ability to kill invad-
ing bacteria intracellularly.

DAPI2 and Nox2 Are Potential Target Genes of

miR-183/96/182 Mediating Its Functions in M¢

To uncover the molecular mechanisms underlying
the regulatory roles of miR-183/96/182 in M¢, we per-
formed target prediction (by miRanda algorithms. www.
microrna.org) and functional annotation studies as we
described before [8]. Among predicted target genes,
DAPI12 emerged as an appealing candidate as a function-
al mediator of miR-183/96/182 regulation of M¢. DAP12
is an important signaling adaptor protein that pairs with
receptors on myeloid cells and natural killer (NK) cells
[26]. It facilitates cell surface localization of its associated
receptors to activate downstream signaling pathways
[27]. In M¢, DAP12 inhibits TLR-induced proinflam-
matory cytokine production [28]. DAP12-deficient M¢
exhibited increased production of proinflammatory cy-
tokines in response to different pathogens and/or their
products, including LPS [28]. Therefore, we hypothe-
sized that if miR-183/96/182 targets DAP12 in M¢,

The miR-183/96/182 Cluster Regulates
Macrophage Functions

knockdown or inactivation of miR-183/96/182 would in-
crease the expression of DAP12, which may contribute
to the inhibition of PA- or LPS-induced inflammatory
responses.

Previously, Donatelli et al. [29] experimentally con-
firmed that miR-183 targeted DAP12 in human primary
NK cells, a myeloid cell line, U-937, and in Hela cells.
However, careful examination of the sequences of the
predicted target sites of human and mouse DAP12 tran-
scripts showed that, although the transcript of human
DAPI12 carries a conserved target site for miR-183, simi-
lar to what Donatelli et al. reported [29] (Fig. 6a), the tar-
get site is not conserved at the seed sequences in mouse
DAP12 (Fig. 6a). In spite of this, considering that (1) the
human and mouse DAP12 transcripts shared high ho-
mology in this region (Fig. 6a); (2) that other sequences
and structural features beyond the seed sequence also
contribute to the miRNA target recognition [30, 31]; and
(3) that an important function tends to be conserved be-
tween mice and humans, we went on to test whether miR-
183/96/182 modulates the expression of DAP12 in M¢.
Our results showed that knockdown of miR-183/96/182
in Raw cells resulted in significant upregulation of DAP12
expression, while overexpression of miR-183/96/182 led
to significantly decreased expression of DAP12 mRNA
levels (Fig. 6b). Consistently, DAP12 is significantly in-
creased in peritoneal M¢ of miR-183/96/182 ko mice
compared to wt controls (Fig. 6¢). ELISA and Western
blot analysis further confirmed that knockdown of miR-
183/96/182 resulted in increased expression of DAP12 at
protein levels (Fig. 6d, e). These data suggest that miR-
183/96/182 targets DAP12 in mouse M¢ in spite of lack-
ing a canonical target site with perfect complementarity
to the seed sequence, and that DAP12 may mediate the
functions of miR-183/96/182 in M¢ modulating their in-
flammatory responses to PA challenge.

Nox2 is the NOX family isoform expressed in profes-
sional phagocytes, including M¢ and neutrophils [32,
33]. Nox2 is the key enzyme required to generate super-
oxide (O,") from NAPDH and oxygen, and other micro-
bicidal ROS and RNS [32, 33]. Target prediction using the
TargetScan algorithm (targetscan.org) suggested that
Nox2 is a target of miR-182 and miR-96 in both humans
and mice (Fig. 7a). Our results showed that overexpres-
sion of miR-183/96/182 in Raw cells resulted in decreased
expression of Nox2 (Fig. 7b), while knockdown of miR-
183/96/182 led to significantly increased Nox2 expression
(Fig. 7¢). Consistently, Nox2 was significantly upregulat-
ed in peritoneal M¢ of miR-183/96/182 ko mice com-
pared to wt controls (Fig. 7d), suggesting that miR-
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3’ ucacuuaagauggUCACGGUAu 5’ miR-183
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Fig. 6. DAPI12 is a direct target of miR-183/96/182. a Sequence
alignment of miR-183 with a canonical target site in human (hs)
DAPI12 (www.microrna.org). Lack of a canonical target site with
perfect complementarity to the seed sequence (shaded in green
rectangle) is seen in mouse (ms) DAP12. b Knockdown and over-
expression of miR-183/96/182 in Raw cells results in significant
up- and down-regulation of DAP12, respectively, by qRT-PCR
analysis. Relative expression (Rel exp) levels were normalized to
negative controls with scrambled sequence (scr). Anti-miR, cells

183/96/182 targets endogenous Nox2 and regulates its ex-
pression in M¢. This is consistent with our observation
that overexpression of miR-183/96/182 decreased nitrite
and ROS production (Fig. 5a, c¢), while knockdown of
miR-183/96/182 resulted in an increased trend of RNS
and ROS production in PA-challenged Raw cells (Fig. 5b,
d), suggesting that miR-183/96/182 limits the intracellu-
lar killing capacity of PA infection [13] through its mod-
ulation of Nox2.
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transfected with anti-miR-183 cluster; mimics, cells transfected
with mimics of miR-183 cluster. n = 4/condition. ¢ DAP12 is
significantly up-regulated in the elicited peritoneal M¢ of miR-
183/96/182 knockout (ko; n = 4) mice compared to wild-type con-
trols (wt; n = 4). d ELISA of DAP12 in Raw cells treated with anti-
miR-183 cluster (anti-miR) or negative control anti-miR with
scrambled sequences (scr). n = 4/genotype. e Western blot analysis
of DAP12 expression. * p < 0.05; ** p < 0.01. ns, nonsignificant.

Discussion

Herein, we demonstrated that stimulation of Raw cells
with PA and LPS resulted in significant upregulation of
miR-183 and -182 (Fig. 1), the functional components of
miR-183/96/182 in M¢ [13], suggesting that miR-183/
96/182 is involved in the inflammatory response of M¢ to
PA infection. Knockdown of the cluster in Raw cells in
vitro resulted in decreased production of multiple proin-
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Fig. 7. Nox2 is a direct target of miR-
183/96/182. a Sequence alignment of miR-
182 and miR-96 with their predicted target
sites in the 3" untranslated region of hu-
man (hs) and mouse (Ms) Nox2 transcripts
(based on data from targetscan.org). The
sequences in the green rectangle are align-
ments with seed sequences of miRNAs.
b Overexpression of miR-183/96/182 in
Raw cells results in a decreased expression

Mmu-miR-182

Mmu-miR-96
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of Nox2 by qRT-PCR analysis. ¢ Knock- 208-05
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flammatory factors (Fig. 2, 3), suggesting that physiolog-
ically miR-183/96/182 promotes the inflammatory re-
sponse to PA infection in M¢, and that the induction of
miR-183/96/182 upon PA and LPS treatment (Fig. 1) may
contribute to the inflammatory response. This is consis-
tent with our previous observation of a decreased inflam-
matory response in the cornea of miR-183/96/182 ko
mice compared to wt control mice upon PA infection of
the cornea [13]. The mammalian cornea contains resi-
dent M¢ in the stroma [34], which are thought to play
important roles in the corneal response to PA infection
[34]. Since the corneal resident M¢ share the same my-
eloid origin as the peritoneal M¢, postulating from our
result, we predict that miR-183/96/182 may have a similar
role in the inflammatory response of corneal-resident M¢
to PA infection, contributing to the overall corneal re-
sponse to PA infection and development of PA keratitis.
It is intriguing that, in the peritoneal elicited M¢ from
miR-183/96/182 ko mice, the basal level of multiple pro-
inflammatory cytokines was increased when compared to
their wt controls (Fig. 4a, b). This seemed contradictory

The miR-183/96/182 Cluster Regulates
Macrophage Functions

to the result of acute knockdown of miR-183/-182 in vitro
in Raw cells (Fig. 2, 3). However, when looking into the
fold change in induction of these cytokines upon PA and
LPS stimulation, there is a significantly reduced fold in-
crease in these cytokines (Fig. 4f-h), suggesting a de-
creased responsiveness of M¢ from ko mice to PA infec-
tion or LPS stimulation. We speculate that, in the ko mice,
M¢ may have adapted to the loss of miR-183/96/182 to
keep homeostasis in vivo through yet unknown mecha-
nisms, and this resulted in increased basal levels of in-
flammatory cytokines; however, upon PA infection or
LPS stimulation, loss of miR-183/96/182 resulted in de-
creased responsiveness, which is in line with our observa-
tion in Raw cells that knockdown of miR-183/96/182
function resulted in decreased production of proinflam-
matory factors (Fig. 2, 3).

The observation of increased basal levels of proinflam-
matory cytokines in the M¢ of the ko mice also may sug-
gest a potential role of miR-183/96/182 in the functional
differentiation and polarity of M¢. Supporting this hy-
pothesis, our preliminary gene expression analysis on
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multiple M1 and M2 M¢ markers showed that in prima-
ry peritoneal M¢ of miR-183/96/182 ko mice, multiple
M1 markers, including IL-6 and prostaglandin-endoper-
oxide synthase 2 (PSTG2) (online suppl. Fig. 1; for all on-
line suppl. material, see www.karger.com/doi/10.1159/
000495472) in addition to IL-1pB, Cxcl2, and Ccl2 (Fig. 4a),
as well as a M2 marker, IL-10, a powerful anti-inflamma-
tory cytokine (in the keratitis model) [35], are simultane-
ously upregulated, when compared to wt controls (online
suppl. Fig. 1), while another M2 marker, TGF, is signif-
icantly decreased (online suppl. Fig. 1), suggesting poten-
tial roles of miR-183/96/182 in M¢ differentiation or po-
larity, and, possibly, the development of myeloid-derived
suppressor cells, which are immature myeloid cells that
often express both M1 and M2 markers [36]. Wurm et al.
[14] showed that miR-182 regulated granulopoiesis
through its mutually inhibitory interaction with C/EBPa,
a master regulator of myelopoiesis [14]. Forced miR-182
expression inhibited the expression of C/EBPa and im-
paired granulopoiesis [14]. Other reports suggested that
both miR-182 and -183 promoted osteoclastogenesis [15,
16]. These reports substantiated the hypothesis that miR-
183/96/182 may have a regulatory role in myeloid cell dif-
ferentiation. Further investigation on the role of miR-
183/96/182 in the differentiation and function of M¢, in-
cluding corneal resident M¢, appears warranted.

Previously, we showed that, in addition to its regula-
tion of inflammatory responses to PA infection, overex-
pression of miR-183/96/182 in Raw cells resulted in de-
creased phagocytosis and intracellular killing of PA, while
knockdown of the cluster in Raw cells led to enhanced
phagocytosis and intracellular killing [13]. Consistently,
elicited peritoneal neutrophils from miR-183/96/182 ko
mice showed increased phagocytosis and intracellular
killing, suggesting that miR-183/96/182 limits the ability
of phagocytosis and intracellular bacterial killing in my-
eloid phagocytes. To begin to understand the underlying
mechanism, we performed Griess and ROS assays on Raw
cells and showed that overexpression of miR-183/96/182
resulted in significantly decreased production of nitrite
and ROS upon PA challenge (Fig. 5a, c). These results
suggest that miR-183/96/182 regulates the phagocytosis
and intracellular killing capacity of myeloid phagocytes
through its modulation of their ROS and RNS produc-
tion.

DAPI12 is a type I membrane protein containing a sin-
gle immunoreceptor tyrosine-based activation motif
(ITAM) and an important signaling adaptor protein [26,
27]. It facilitates the cell surface localization of associated
receptors on myeloid cells, including M¢, dendritic cells,
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osteoclasts, microglia, and NK cells to activate down-
stream signaling pathways, playing an important role in
the activation of myeloid and NK cells [26, 27]. In NK
cells, DAP12 is the common adaptor for many NK cell-
activating receptors. Upon ligand binding, DAP12 is
tyrosine phosphorylated by Src kinases and proceeds
through the phosphatidylinositide 3-kinase/extracellular
signal-regulated kinase activation pathway to mobilize
lytic granules that ultimately kill target cells [29]. Inacti-
vation of DAP12 in mice impaired the function of the
activating Ly49D receptors in NK cells and Ly49D-medi-
ated killing of target cells [37]. Previously, Donatelli et al.
[29] experimentally confirmed that miR-183 targeted hu-
man DAPI12 in NK cells and U937 cells (monocytic cell
line). They showed that in the tumor environment, miR-
183/96/182 was induced by TGF{ and prevented NK cells
from killing tumor cells by inhibiting DAP12 expression.
Therefore, miR-183/96/182 is recognized as a NK cell im-
MUunosuppressor.

To test whether DAP12 is targeted by miR-183/96/182
in mouse myeloid cells, we transfected Raw cells with
miR-183/96/182 mimics or anti-miRs and showed that
overexpression of miR-183/96/182 decreased, while
knockdown of miR-183/96/182 increased the expression
levels of endogenous DAP12 at both RNA and protein
levels (Fig. 6). In addition, expression of DAP12 at the
mRNA level was significantly increased in peritoneal M¢
of miR-183/96/182 ko mice compared to wt controls, sug-
gesting that DAP12 is targeted by miR-183 in mice, in
spite of the fact that the transcript of mouse DAP12 lacks
a conserved canonical target site for miR-183 with a per-
fect complementarity to the seed sequences (Fig. 6a). This
suggests that other features around the seed sequences
may have contributed to the determination of the target
site. Further studies are required to determine the exact
mechanism for miR-183 targeting DAP12 in the mouse.

DAPI12, with its associated receptor, triggering recep-
tor expressed on myeloid cells-2 (TREM-2), has been
shown to be a negative regulator of TLR-induced proin-
flammatory cytokine production in M¢ [28, 38]. DAP12-
deficient M¢ exhibited increased production of pro-
inflammatory cytokines in response to different TLR
stimuli, including LPS-TLR4, synthetic bacterial lipo-
peptide-TLR2/1, CpG DNA-TLR9, zymosan-TLR2,
poly(I:C)-TLR3, and peptidoglycan-TLR2, as well as to
whole bacteria, e.g., Escherichia coli and Staphylococcus
aureus [28], suggesting that DAP12 normally limits a
TLR-induced inflammatory response. Our data showed
that inactivation or knockdown of miR-183/96/182 in-
creased the expression of DAP12 in M¢ or Raw cells
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(Fig. 6), while LPS- and PA-induced production of pro-
inflammatory cytokines was decreased (Fig. 2-4), sug-
gesting that DAP12 mediated the miR-183/96/182 func-
tion to promote proinflammatory cytokine production.
This is consistent with the observation that TREM-2 also
limits the production of proinflammatory cytokines in
M¢ and promotes host resistance against PA keratitis
[39], similar to what we observed in miR-183/96/182 ko
mice [13], suggesting that the DAP12-TREM-2 pathway
contributes to miR-183/96/182 modulation on the proin-
flammatory responses of M¢ and overall corneal respons-
es to PA infection.

In addition to DAP12, we also provided evidence that
Nox2 - an isoform of NOX family genes expressed in pro-
fessional phagocytes including M¢ and neutrophils [32],
is targeted by miR-183/96/182 (Fig. 7). Nox2, also known
as Cybb or gp91PPX (91-kDa glycoprotein of phagocyte
oxidase), is a transmembrane protein and the largest sub-
unit of the NADPH oxidase in phagocytes. The complete
NADPH oxidase is composed of multiple subunits. At
resting conditions, Nox2/gp91Ph°* and p22P"* form a
heterodimer, cytochrome bssg. Upon microbial infection,
Nox2 is rapidly activated when cytosolic subunits, p40Phox,
p47ph°", and p67Ph°X, and Rac are translocated to the
membrane-bound cytochrome bss3 to form the active
NADPH oxidase enzyme complex. The active enzyme
complex transports electrons from cytoplasmic NAPDH
to extracellular or phagosomal oxygen to generate super-
oxide (O,7), which is a ROS and also serves as a precursor
to form other microbicidal ROS and RNS [32]. Therefore,
Nox2 is a crucial enzyme in antimicrobial host defense
and in the regulation of inflammation [32]. That Nox2 is
targeted by miR-183/96/182 provides a potential molecu-
lar mechanism underlying its regulation of ROS and NOS
production upon PA infection (Fig. 5) and intracellular
killing of PA that we observed previously [13].

miRNAs are quantitative regulators of gene expres-
sion. One miRNA often targets multiple protein-coding
genes in the same pathway or functional network, and
imposes modest regulation on each of these genes. In
concert, the modest regulation of multiple genes main-
tains the homeostasis of the signaling pathway or network
under physiological conditions. Defects in a miRNA can
result in simultaneous dysregulation of multiple genes,
leading to significant functional consequences when the
composite impact passes a threshold. Here, we present
evidence that miR-183/96/182 targets at least 2 genes in
myeloid phagocytes, DAP12 and Nox2, each of which
plays an important role in different yet overlapping as-
pects of the M¢ and neutrophil functions, including

The miR-183/96/182 Cluster Regulates
Macrophage Functions

phagocytosis, bacterial killing, and inflammatory re-
sponses to bacterial infection. When miR-183/96/182 is
knocked down or inactivated, deregulation on each of
these genes has contributed to the phenotypes observed
at both cellular (Fig. 2-5) and organismic levels [13]. Tar-
get prediction analyses and experimental data from other
organ systems have shown that miR-183/96/182 regulates
hundreds of downstream target genes [7, 8, 18]; therefore,
we predict that DAP12 and Nox2 are not the only func-
tional targets of miR-183/96/182 in M¢ and neutrophils
to mediate its functions. We further predict that miR-
183/96/182 may modulate other aspects of M¢ and neu-
trophil functions, e.g., migration and chemotaxis, through
targeting multiple genes involved in cytoskeletal reorga-
nization [unpubl. data]. Through this mechanism, miR-
183/96/182 imposes a global regulation on M¢ and neu-
trophil functions.

In summary, we provide the first direct evidence that
miR-183/96/182 is induced in M¢ upon PA infection. It
modulates the inflammatory response and ROS and RNS
production of M¢ in response to PA infection in vitro.
This regulation is mediated, at least in part, through tar-
geting both DAP12 and Nox2, suggesting that miR-
183/96/182 plays an important role in innate immunity.
Manipulation of miR-183/96/182 levels in innate im-
mune cells may modulate various aspects of their func-
tion and, therefore, have therapeutic potential in the
treatment of related diseases. Knockdown or inactivation
of miR-183/96/182 in M¢ increased ROS and RNS pro-
duction, which may contribute to their increased bacteri-
cidal capacity, suggesting the potential to combat antibi-
otic-resistant bacterial infection by enhancing innate im-
munity.
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