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Bacterial sepsis involves a complex interaction between the
host immune response and bacterial LPS. LPS binds Toll-like
receptor (TLR) 4, which leads to the release of proinflammatory
cytokines that are essential for a potent innate immune response
against pathogens. The innate immune system is tightly regu-
lated, as excessive inflammation can lead to organ failure and
death. MicroRNAs have recently emerged as important regula-
tors of the innate immune system. Here we determined the func-
tion of miR-718, which is conserved across mammals and over-
laps with the 5’ UTR of the interleukin 1 receptor-associated
kinase (IRAKI) gene. As IRAK]1 is a key component of innate
immune signaling pathways that are downstream of most
TLRs, we hypothesized that miR-718 helps regulate the innate
immune response. Activation of TLR4, but not TLR3, induced
the expression of miR-718 in macrophages. miR-718 expression
was also induced in the spleens of mice upon LPS injection. miR-
718 modulates PI3K/Akt signaling by directly down-regulating
phosphatase and tensin homolog (PTEN), thereby promoting
phosphorylation of Akt, which leads to a decrease in proinflam-
matory cytokine production. Phosphorylated Akt induces let-7e
expression, which, in turn, down-regulates TLR4 and further
diminishes TLR4-mediated proinflammatory signals. Decreased
miR-718 expression is associated with bacterial burden dur-
ing Neisseria gonorrhoeae infection and alters the infection
dynamics of N. gonorrhoeae in vitro. Furthermore, miR-718
regulates the induction of LPS tolerance in macrophages. We
propose a role for miR-718 in controlling TLR4 signaling and
inflammatory cytokine signaling through a negative feedback
regulation loop involving down-regulation of TLR4, IRAK1,
and NF-kB.
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Despite numerous clinical trials and general advances in
medicine, sepsis is a major factor in at least one-third of hospital
deaths (1-4). Although endotoxin was discovered well over a
century ago, the fundamental role of circulating endotoxin in
the blood of most patients with septic shock remains enigmatic
and a subject of considerable controversy (5). The most potent
microbial mediator implicated in the pathogenesis of sepsis and
septic shock is bacterial LPS.

LPS is a Toll-like receptor 4 (TLR4)> agonist that induces the
immune system to generate systemic production and release of
proinflammatory cytokines and chemokines. LPS engages the
TLR4/MD2 receptor complex, leading to recruitment of
MyD88. The MyD88-TLR4/MD2 signaling complex then
recruits IRAK1, a key regulatory kinase in the TLR4/MD2
receptor pathway, which plays an essential role in TLR4 signal-
ing (6-8). Notably, IRAK1-deficient mice are poorly respon-
sive to LPS and have impaired TNFa and IL-6 production and a
decreased ability to activate NF-«B (8 —10). IRAK1 is phosphor-
ylated during LPS activation, and the levels of IRAK1 protein
subsequently decline as the protein is degraded. This chain of
events triggers NF-«B activation, which results in the transcrip-
tion of proinflammatory genes. The rapid induction of cyto-
kines such as TNFq, IL-1, and IL-6 is essential for immediate
defense against infection and a long-lasting adaptive immunity
against pathogens (11, 12). Although cytokine production is
important for the efficient control of the dissemination of
invading pathogens, overproduction of these cytokines (a con-
dition known as septic shock syndrome) is harmful for the host
and may lead to tissue damage, organ failure, and death (13).
Thus, TLRs are double-edged swords, and abnormal activation
of their signaling can be deleterious. Therefore, immune cells
must employ a multilayered control system to avoid excessive
inflammation and allow tissue repair.

Recently, microRNAs (miRNAs) have emerged as key regu-
lators of TLR signaling, and several miRNAs are induced by
TLR activation, targeting mRNAs of genes that encode compo-
nents of the TLR signaling pathway (14). miRNAs are endoge-
nous 18- to 24-nucleotide single-stranded noncoding RNA

3 The abbreviations used are: TLR4, Toll-like receptor 4, BMDM, bone marrow-
derived macrophage; IRAK, interleukin 1 receptor-associated kinase;
miRNA, microRNA; PTEN, phosphatase and tensin homolog; dKO, double
knockout; m.o.i., multiplicity of infection; Luc, luciferase; qPCR, quantita-
tive PCR; as, antisense; SCR, scrambled.
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Figure 1. Highly conserved miR-718 is encoded in the 5’ UTR of the IRAK1 gene. A-D, schematic of the mouse miR-718 transcript that overlaps with the 5’

UTR of Irak1.

molecules that perform important regulatory functions in ani-
mals by targeting mRNAs for cleavage or translational repres-
sion. This process involves base-pairing between the miRNAs
and a partially complementary sequence in the 3" UTRs of their
target mRNAs (15, 16). Many mammalian miRNAs are located
within introns or exons of other protein-coding and non-cod-
ing genes (17, 18). These miRNAs are typically co-transcribed
in the same direction as their “host genes” (18 —22). Despite the
large number of miRNAs transcribed from host genes, only a
few have been studied in detail, and any functional relationship
with their host genes is poorly understood.

Here we report that the evolutionarily conserved miR-718,
which overlaps with the 5" UTR of the IRAKI gene, is induced
by LPS and is a negative regulator of inflammation in macro-
phages. We determined the role of miR-718 in mediating innate
immune responses and the mechanism by which it controls
the intensity of the inflammatory response in macrophages
through targeting PTEN (a protein/lipid phosphatase that acts
as a negative regulator of the PI3K/Akt pathway). Understand-
ing the role of miR-718 in LPS-activated cells may help with the
design of novel interventions for sepsis and potentially expand
the use of Anti-miR-718 to treat inflammatory diseases beyond
sepsis.

Results
miR-718 overlaps with the 5’ UTR of the Irak1 gene

Using our genome analysis pipeline, we identified several
miRNAs that are hosted by innate immunity protein-coding
genes (supplemental Table S1). We prioritized miR-718 for fur-
ther study, as it was within the 5" UTR of IRAK1, which encodes
interleukin 1 receptor-associated kinase 1, a key component of
TLR and IL-1R signaling pathways (Fig. 1, A and B). Further-
more, pre-miR-718 is highly conserved in mammals (Fig. 1C),
prompting us to further characterize its role in the regulation of
inflammation. miR-718 also overlaps with the 5" UTR of Irakl
in the mouse genome (Fig. 1D).

SASBMB
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LPS stimulation induces miR-718 expression in multiple cell
types and in vivo in mice

In immortalized BMDMs (iBMDMs), miR-718 was in-
duced by LPS (Fig. 24) and lipo-oligosaccharide stimulation
(supplemental Fig. S1A), both of which are strong stimula-
tors of IRAK1. This is similar to miR-146, which is a classical
LPS-induced miRNA (supplemental Fig. S1B). In contrast,
miR-718 was not induced in iBMDMs stimulated with poly(I:
C), a TLR3 ligand (supplemental Fig. S14).

miR-718 was not induced in IRAK1-deficient cells, consis-
tent with the large deletion in the region of the IRAK1 gene in
these mice that encompasses the miR-718 locus; i.e. IRAK1
knockout mice are actually Irakl/miR-718 double knockouts
(dKOs) (Fig. 24) (8). To identify maximal induction of miR-718
expression upon bacterial infection, we infected iBMDMs with
Neisseria gonorrhoeae at an increasing multiplicity of infection
(m.o.i.). miR-718 was induced in a dose-dependent manner in
N. gonorrhoeae-infected wild-type macrophages (Fig. 2B) but
not in Irakl/miR-718-dKO macrophages. miR-718 was also
induced in other cell types, such as immortalized microglia cells
(Fig. 2C). To examine whether miR-718 was induced under in
vivo conditions, we determined the expression of miR-718 in
the spleens of mice intraperitoneally injected with LPS. miR-
718 levels were significantly increased 4 h after LPS administra-
tion (Fig. 2D).

miR-718 negatively regulates proinflammatory cytokines

Because miR-718 was induced in LPS-stimulated macro-
phages, we investigated whether miR-718 miRNA regulates
immune genes. Using lentiviral vectors, we generated a stable
miR-718-expressing cell line (miR-718). This system allows the
expression of miRNA precursor transcripts in their native
sequence context to ensure interaction with endogenous pro-
cessing machinery, leading to authentic mature miRNAs. As a
control, we generated a stable cell line expressing the corre-
sponding empty vector (Con miR). We also used shRNA-medi-
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Figure 2. miR-718 expression is induced by LPS and N. gonorrhoeae and is dependent on IRAK1. A,immortalized mouse BMDMs from WT and Irak1/miR-
718-dKO were stimulated with LPS (100 ng/ml) for 2 h or cultured in medium alone. B, immortalized BMDMs from WT and Irak1/miR-718-dKO were infected
with various m.o.i. of N. gonorrhoeae or LPS. C,immortalized microglia were stimulated with LPS (100 ng/ml) for 2 h or cultured in medium alone. D, mice were
injected with 1T mg/kg body weight LPS or PBS (5 mice/group). After 4 h, spleens were harvested. RNA from the cells in A-D was extracted, and miR-718 levels
were quantitated by TagMan qPCR. miR-718 levels are shown relative to levels of small non-coding RNA (sn0202). The data shown represent the mean = S.D.
of triplicate determinations and are representative of three independent experiments with similar results. A.U., arbitrary units. *, p < 0.05; **, p < 0.005; and ***,

p < 0.0005.

ated miR-718 knockdown to establish a stable cell line sup-
pressing miR-718 (Anti-miR-718) and used the corresponding
empty vector to generate a stable control cell line (Con Inh).
To assess the kinetics of LPS-induced miR-718 expression,
IRAK1 expression, and TNFa production, miR-718 and Anti-
miR-718 macrophages were treated with LPS and harvested at
various time points from 2 to 24 h. miR-718 was potently
induced within 2 h of stimulation, peaked at 12 h, and was
significantly decreased at 24 h, suggesting that miR-718 is an
early-induced miRNA (Fig. 3, A and B). Increased expression of
miR-718 led to decreased expression of Irakl mRNA (Fig. 3C).
Similarly, decreased expression of miR-718 led to increased
expression of Irakl mRNA (Fig. 3D). TNFa protein levels were
decreased when miR-718 was overexpressed (Fig. 3E) and
increased when miR-718 was silenced (Fig. 3F). Similar trends
were observed for TNFa production at various concentrations
of LPS (supplemental Fig. S2, A and B). Cells treated with LPS
and nigericin also secreted less IL-18 when miR-718 was over-
expressed (supplemental Fig. S2C). We confirmed that Irakl
protein levels were significantly decreased in miR-718-overex-
pressing macrophages, including under basal conditions when
endogenous miR-718 levels are low (Fig. 2G). Infection of Anti-
miR-718 cells with various m.o.i. of N. gonorrhoeae led to a sig-
nificant increase in TNFa production (supplemental Fig. S2D).
Upon recognition of specific pathogen-associated molecular
patterns, most TLRs activate pathways that lead to the nuclear

5636 JOURNAL OF BIOLOGICAL CHEMISTRY

translocation of the transcription factor NF-«B, which regu-
lates the transcription of proinflammatory cytokines. To inves-
tigate whether miR-718 expression affects NF-«kB activity, we
co-transfected an NF-«B-Luc reporter construct as well as an
miR-718 construct or an empty vector into 293T cells. We
detected a significant decrease in NF-«B activity in the presence
of miR-718, suggesting that miR-718 negatively regulates
NF-kB activity (Fig. 44 and supplemental Fig. S3A). In the
canonical NF-kB pathway, the p65 (RelA) and p50 subunits
form heterodimers that bind DNA and regulate transcription.
In a resting state, these subunits interact with IkBa in the cyto-
plasm. Upon activation of this pathway, IkBa is ubiquitinated
and degraded, which leads to the release of the p65 and p50
subunits and their subsequent translocation into the nucleus.
In miR-718 cells, IkBa degradation is inhibited upon LPS stim-
ulation (Fig. 4B), suggesting that it is still bound to p65 in the
cytosol. To confirm these results, we stained for p65 and per-
formed immunofluorescence studies to assess p65 transloca-
tion into the nucleus in the presence and absence of miR-718. In
resting cells, p65 is predominantly located in the cytosol of
macrophages (Fig. 4, C, first and third rows, and D). In control
cells, LPS stimulation resulted in the rapid translocation of p65
into the nucleus in the vast majority of cells (Fig. 4, C, second
row, and D), whereas, in macrophages expressing miR-718, p65
failed to translocate into the nucleus in most of the cells (Fig. 4,
C, fourth row, and D), suggesting that there is a distinct intra-
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Figure 3. miR-718 represses the production of proinflammatory cytokines in macrophages. A-F, stable macrophage cell lines expressing miR-718
or the corresponding empty vector control (Con miR) (A, C, and E) and Anti-miR-718 or the corresponding empty vector control (Con Inh) (B, D, and F)
were stimulated with 100 ng/ml LPS at various time points. RNA was extracted, and miR-718 levels were quantitated by TagMan qPCR (A and B). IRAK1
levels were quantitated by SYBR Green qPCR (C and D). ELISA was performed to measure TNFa release (E and F). The data shown represent the mean =
S.D. of triplicate determinations and are representative of three independent experiments with similar results. G, Western blotting was performed with
lysates from Con miR and miR-718 macrophages stimulated with 100 ng/ml LPS for 2 h or medium (Med). ns, not significant. A.U., arbitrary units. *, p <

0.05; **, p < 0.005; ***, p < 0.0005.

cellular distribution of p65 and, therefore, NF-«kB activation in
macrophages expressing miR-718.

miR-718 targets PTEN for degradation

Although we demonstrated that miR-718 controls proin-
flammatory cytokine production, its direct target(s) remained
to be identified. Based on sequence complementarity between
miR-718 and PTEN mRNA, PTEN was a predicted miR-718
target (Fig. 54). PTEN was recently confirmed by another study
to be targeted by miR-718 (23). To validate that miR-718

APRIL7,2017-VOLUME 292:NUMBER 14 SASBMB

suppresses PTEN expression and function and to determine
whether miR-718 could directly repress PTEN mRNA through
a 3’ UTR interaction, we co-transfected 293T cells with a
PTEN-3" UTR-Luc reporter construct in the absence and
presence of the miR-718 expression vector. We observed a sig-
nificant reduction in luciferase levels in cells co-expressing
PTEN-3' UTR-Luc and miR-718 (Fig. 5B and supplemental Fig.
S4A). In contrast, no change in luciferase activity was observed
in the presence of miR-416, suggesting that PTEN is specifically
targeted by miR-718 (Fig. 5B).
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Figure 4. NF-kB activity is reduced in miR-718-overexpressing macrophages stimulated with LPS. A, 293T cells were transiently transfected with TLR4,
NF-«kB-Luc (firefly), control (Renilla) Luc, the miR-718 construct, or Control miR constructs and then stimulated with various concentrations of LPS for 2 h. After
48 h, 293T cells were lysed, and the normalized firefly luciferase activity (firefly luciferase activity/Renilla luciferase activity) was calculated. RLU, relative light
units. B, whole cell extracts from Con miR and miR-718 macrophages stimulated with 100 ng/ml LPS for 2 h were analyzed for |kBa, P65, and B-actin protein
expression by immunoblotting. Data are representative of three independent experiments. Med, medium. C, Con miR and miR-718 macrophages stimulated
with 100 ng/ml LPS for 2 h were fixed, permeabilized, and stained with Alexa Fluor 647 anti-p65 NF-«B subunit antibody and DAPI (nucleus) and subjected to
confocal microscopy. Scale bars = 20 um. Images are representative of at least 10 fields of view and three independent experiments. D, the presence of nuclear
P65 was quantified in 10-15 fields by confocal microscopy. Mean = S.D. of triplicate determinations are shown. ¥, p < 0.05; **, p < 0.005.

PTEN is a PI3K-specific phosphatase that negatively regu-
lates the Akt signaling pathway, and levels of PTEN expression
inversely correlate with Akt phosphorylation (24). Thus, we
examined the protein levels of PTEN and phosphorylated Akt
in macrophages overexpressing miR-718. As expected, overex-
pression of miR-718 led to decreased expression of PTEN and
increased levels of phosphorylated Akt (Fig. 5C). Immunofluo-
rescence studies also demonstrated that PTEN was down-reg-
ulated in miR-718 macrophages (Fig. 5D, bottom panels),
whereas it was highly expressed in Anti-miR-718 macrophages
(supplemental Fig. S4B, bottom panel). In contrast, the phos-
phorylated form of Akt was highly expressed in miR-718
macrophages (Fig. 5E, bottom panels), whereas it was down-
regulated in Anti-miR-718 macrophages (supplemental Fig.
S4C, bottom panel). These data suggest that PTEN protein lev-
els are decreased by overexpression of miR-718, which, in turn,
enhances PI3K/Akt signaling. The Akt pathway prevents exces-
sive innate immune responses via limiting Th1 polarization (25,

5638 JOURNAL OF BIOLOGICAL CHEMISTRY

26). To assess whether the miR-718-induced suppression of
proinflammatory cytokine expression occurred through the
activation of the Akt pathway, we inactivated Akt using Akt
inhibitor IV. miR-718 macrophages failed to suppress TNF«
production in the presence of the Akt inhibitor (Fig. 5F). We
confirmed these results by using two additional Akt inhibitors
(API-1 and MK-2206) (supplemental Fig. S4, D and E) and
Anti-miR-718 cells (supplemental Fig. S4F). Overall, these data
indicated that, by targeting PTEN, miR-718 suppresses the pro-
duction of proinflammatory cytokines through activation of
Akt.

miR-718 represses TLR4 cell surface expression

LPS induces the release of proinflammatory cytokines
through the innate immune receptor TLR4. Cell surface
expression of TLR4 impacts the extent of this response and,
therefore, should be tightly regulated. To test whether miR-718
expression can affect TLR4, we measured TLR4 cell surface
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construct was co-transfected with miR-718 expression vector, miR-146 expression vector, or miRNA negative control (Neg. Con) into 293T cells. After 48 h, 293T
cells were lysed, and the normalized firefly luciferase activity (firefly luciferase activity/Renilla luciferase activity) was calculated. Data shown represent the
mean = S.D. of triplicate determinations and are representative of three independent experiments with similar results. C, whole cell extracts from Con miR and
miR-718 macrophages stimulated with 100 ng/ml LPS were analyzed for PTEN, total Akt, and phosphorylated Akt (P-Akt-Ser*”?) protein expression by immu-
noblotting. Med, medium. D, Con miR and miR-718 macrophages stimulated with 100 ng/ml LPS for 2 h were fixed, permeabilized, and stained with PTEN
antibody and DAPI (Nucleus) and subjected to confocal microscopy. £, Con miR and miR-718 macrophages stimulated with 100 ng/ml LPS for 2 h were fixed,
permeabilized, and stained with phosphorylated Akt (P-Akt) antibody and DAPI (Nucleus) and subjected to confocal microscopy. In D and E, images are
representative of at least 10 fields of view and three independent experiments. Scale bars = 20 um. F,immortalized Con miR, miR-718, Irak1/miR-718-dKO, and
TLR4-KO macrophages were pretreated with 10 um Akt inhibitor IV and then stimulated with LPS for 2 h. TNFa production was measured by ELISA. The data

shown represent the mean =+ S.D. of triplicate determinations and are representative of three independent experiments with similar results. *, p < 0.05.

expression by flow cytometric analysis of unstimulated and
LPS-stimulated Con miR and miR-718 macrophages. LPS stim-
ulation down-regulated TLR4 expression in Con miR cells (Fig.
6A). In contrast, TLR4 was already expressed at low levels in
unstimulated miR-718 macrophages, and, therefore, LPS stim-
ulation only caused a minor reduction in TLR4 levels. To con-
firm these results, we used a strategy in which cell surface pro-
teins were biotinylated and subsequently immunoprecipitated
and purified using NeutrAvidin gel. We observed reduced
biotinylated TLR4 in miR-718 cells compared with Con miR
cells, suggesting that miR-718 is inducing the internalization
and subsequent degradation of the receptor (Fig. 6B). There
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was no significant change in cell surface expression of TLR4 in
Irakl/miR-718-dKO macrophages, suggesting that miR-718
expression is indeed required to suppress TLR4 expression and
functions as a physiological inhibitor of TLR4 expression.

To test whether miR-718 suppresses TLR4 expression via
activation of Akt, we pretreated unstimulated and LPS-stimu-
lated Con miR, miR-718, and TLR4-KO macrophages with an
Akt inhibitor. In the presence of Akt inhibitor IV, miR-718
failed to suppress TLR4 expression, suggesting that miR-718-
mediated down-regulation of TLR4 is through the activation of
Akt (Fig. 6C). These results were confirmed using an additional
Akt inhibitor (MK-2206) (supplemental Fig. S54). Phosphoryl-
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Figure 6. TLR4 cell surface expression is repressed in the presence of miR-718. A, Con miR and miR-718 macrophages were stimulated with 100 ng/ml LPS
for 2 h, stained for TLR4 using TLR4-phosphatidylethanolamine (PE)-conjugated antibody, and analyzed by flow cytometry. B, cell surface protein biotinylation
and isolation were performed using the Pinpoint cell surface protein isolation kit from Pierce. Con miR, miR-718, Con Inh, Anti-miR-718, and Irak1/miR-718-dKO
cells were stimulated with 100 ng/mlI LPS for 2 h and then labeled with EZ-Link sulfo-NHS-SS-biotin. These cells were then lysed and isolated with immobilized
NeutrAvidin gel. The bound proteins were released by incubation with SDS-PAGE sample buffer containing 50 mm DTT. The flow-through and elution were
kept for analysis of TLR4 protein expression by immunoblotting. C, immortalized Con miR, miR-718 and TLR4-KO macrophages were either left untreated or
pretreated with 10 um Akt inhibitor IV and then stimulated with LPS for 2 h. RNA was extracted, and TLR4 expression was quantitated by SYBR Green qPCR.
Levels of TLR4 are shown relative to levels of B-actin. D, immortalized Con miR and miR-718 macrophages were either left untreated or pretreated with 10 um
of Akt inhibitor IV and then stimulated with LPS for 2 h. RNA was extracted, and let-7e expression was quantitated by TagMan qPCR. Levels of let-7e are shown
relative to levels of sno-202. E, immortalized Con miR, miR-718, and TLR4-KO macrophages were transfected with 50 nm as-let-7e or SCR-miRNA using
Lipofectamine 2000. RNA was extracted 48 h after miRNA transfection, and TLR4 mRNA was quantitated by SYBR Green gPCR. F, immortalized Con Inh,
Anti-miR-718, and TLR4-KO macrophages were transfected with 50 nm let-7e or SCR-miRNA using Lipofectamine 2000. RNA was extracted 48 h after miRNA
transfection, and TLR4 mRNA was quantitated by SYBR Green qPCR. G,immortalized Con miR and miR-718 macrophages were transfected with 50 nm as-let-7e
or SCR-miRNA using Lipofectamine 2000. Cells were then stimulated with LPS for 2 h, and TNFa production was measured by ELISA. The data shown represent
the mean = S.D. of triplicate determinations and are representative of three independent experiments with similar results. A.U., arbitrary units. *, p < 0.05; **,
p < 0.005; ***, p < 0.0005.

ated Akt induces the production of let-7e, which targets TLR4
(27, 28). To test whether miR-718 is suppressing TLR4 through
the Akt-mediated induction of let-7e, we pretreated unstimu-
lated and LPS-stimulated Con miR and miR-718 macrophages
with an Akt inhibitor. miR-718 induced let-7e production in an
Akt-dependent manner, as let-7e production was markedly
decreased in the presence of Akt inhibitor IV (Fig. 6D) A similar
experiment using an additional Akt inhibitor (MK-2206) was
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performed, and similar results were obtained (supplemental
Fig. S5B). Finally, to determine whether miR-718-mediated
suppression of TLR4 expression is via let-7e, we transfected
Con miR, miR-718, and TLR4-KO macrophages with let-7e
antisense. In the absence of let-7e, miR-718 failed to repress
TLR4 expression (Fig. 6E), whereas introduction of let-7e
restored the ability of miR-718 to suppress TLR4 expression, as
determined by qPCR (Fig. 6F). These results suggest that the
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Akt-mediated up-regulation of let-7e is crucial for miR-718 to
suppress TLR4 expression. To determine whether the suppres-
sion of the LPS-triggered TLR4 signaling responses in miR-718
macrophages is derived from the altered expression of let-7e,
we transfected Con miR and miR-718 macrophages with
as-let-7e and stimulated the cells with LPS. In the absence of
let-7e, miR-718 no longer repressed TNFa production (Fig.
6G), whereas the introduction of let-7e abolished TNF« pro-
duction (supplemental Fig. S5C). These results suggest that
let-7e mediates the miR-718 suppression of TNFa production.

miR-718 regulates the induction of LPS tolerance in
macrophages

Given that miR-718 affects PTEN expression and Akt regu-
lates endotoxin sensitivity and tolerance (27), we investigated
whether miR-718 controls LPS tolerance. BMDMs were
primed with a low concentration of LPS for 18 h, and then the
cells were washed and restimulated with various concentra-
tions of LPS for 5 h. TNFa was measured in the culture super-
natants. miR-718 macrophages became tolerant to subsequent
LPS stimulation and produced significantly lower levels of
TNFa (supplemental Fig. S6A), whereas blockade of miR-718
expression abrogated the induction of LPS-induced tolerance
(supplemental Fig. S6B). These results suggest that miR-718
mediates LPS tolerance in macrophages.

miR-718 facilitated N. gonorrhoeae replication in
macrophages

To test directly whether miR-718 expression is involved in
macrophage immune responses against N. gonorrhoeae infec-
tion, we infected Con Inh and Anti-miR-718 macrophages with
N. gonorrhoeae and assessed the number of colony-forming
units detected over time in cells. Anti-miR-718 macrophages
exhibited the ability to control N. gonorrhoeae replication, and
markedly fewer bacteria were recovered from Anti-miR-718
macrophages compared with Con Inh macrophages (supple-
mental Fig. S6C). In contrast, a significantly higher bacterial
burden was detected in miR-718 macrophages (supplemental
Fig. S6D). Overall, these results suggest that miR-718 contrib-
utes to immune responses against N. gonorrhoeae infection.

Discussion

We demonstrate that miR-718 is an anti-inflammatory
miRNA that overlaps with the 5" UTR of the Irak1 gene. Indeed,
the coupled expression of miR-718 and its host transcript,
Irakl, ensures that this miRNA will be available to regulate
Irakl whenever it is activated (29). There are other examples of
miRNAs encoded within protein-coding genes that regulate
their host gene; for example, the expression of miR-9-1, which
is encoded in intron 2 of the human CROC-4 gene, highly cor-
relates with the expression of this gene (30). Irakl is a key com-
ponent of an inflammatory pathway that is downstream of most
TLRs. The transcription of miR-718 from the same genomic
location provides a tightly controlled negative feedback loop
that potentially protects mammals from excessive inflamma-
tion and tissue damage.

We validated PTEN as a target of miR-718. PTEN was origi-
nally identified as a tumor suppressor gene, mutated in various
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Summary Model

| Pro-
: inflammatory
cytokines

Figure 7. Summary model of how miR-718 suppresses proinflammatory
cytokine production. A, LPS up-regulates miR-718, which targets PTEN for
degradation, thereby promoting Akt activation. Phosphorylated Akt sup-
presses proinflammatory cytokines and also up-regulates the expression of
another miRNA, /et-7e, which suppresses TLR4 expression.

cancers (31, 32). Of particular interest, the PTEN mRNA has a
very large 3" UTR (about 3.3 kb) (33). There are several other
miRNA target sites in the 3" UTR of PTEN (such as miR-21,
214, 21643, 217, and 26a) (34 —38), suggesting that PTEN expres-
sion is tightly regulated. Consistent with our studies, a recent
study showed that, by targeting PTEN, miR-718 mediates
angiogenesis through activation of Akt (23).

The Akt pathway is critical in cell proliferation, cell survival,
and cancer (39, 40), suggesting that miR-718 could also func-
tion as an oncogene. The Akt pathway has been shown to sup-
press NF-«B and the expression of proinflammatory cytokines
in the early phase of innate immune responses (25, 41—44), and
Akt has also been shown recently to regulate the immune
response to LPS by regulating the expression of key miRNAs
(27). One of these miRNAs is let-7e, which represses TLR4,
whereas the other miRNA, miR-155, represses SOCS1(27).

Through gain- and loss-of-function experiments, we showed
that miR-718, by repressing PTEN, enhances PI3K/Akt signal-
ing, which directly represses proinflammatory cytokine expres-
sion. On the other hand, phosphorylated Akt indirectly (via
let-7e) represses TLR4 expression and its downstream signaling
molecules, such as IRAK1 and NF-«B, suggesting that, by tar-
geting the PTEN/Akt pathway, miR-718 is indirectly suppress-
ing multiple proinflammatory pathways (summarized in Fig.
7A). Consistent with our findings that miR-718 regulates the
surface expression of TLR4, earlier studies demonstrated that
let-7e in mouse macrophages (27) and let-7i in human cholan-
giocytes (28) target TLR4 for degradation. Considering the reg-
ulatory role of miR-718 in LPS-stimulated macrophages, it will
be important to identify additional pathways and genes that are
targeted by miR-718 during an innate immune response. These
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target genes most likely regulate the magnitude of the host
innate immune response to Gram-negative bacterial infections.
Notably, besides LPS, other TLR ligands, such as Pam;CSK,,
also induce miR-718 transcription (data not shown) whereas
poly(I:C) does not. It is important to characterize the inducers/
upstream pathways of miR-718 transcription in the future by
stimulating macrophages with a panel of ligands that induce the
innate immune response as well as proinflammatory cytokines
such as IL-1B and TNFa. To understand the function of miR-
718 in vivo, it is important to generate tissue-specific and/or
inducible miR-718-deficient mice. We anticipate that miR-
718-null mice will be hyperresponsive to bacterial challenges
and, as a result, susceptible to endotoxic shock. Future research
using animal models will help us understand the exact role of
miR-718 in the context of disease. It is also possible that miR-
718, by establishing LPS-induced tolerance, evades recurrent
bacterial infection and lowers the LPS-induced mortality rate.

Experimental procedures
Genome analysis pipeline

Version 15 of miRBase (17) was scanned for human miRNAs
that overlapped with other genes. We used version 52 of the
Ensembl API (Application Program Interface) (45) to retrieve
gene ontology terms for all protein-coding genes that hosted a
miRNA. GO terms from the biological process ontology were
manually inspected to identify host genes involved in innate
immunity (supplemental Table S1). miR-718 was prioritized for
experimental characterization.

Reagents

Lipofectamine 2000 was from Invitrogen. DAPI was from
Molecular Probes/Invitrogen. LPS, poly(I:C) and nigericin were
from Invivogen (San Diego, CA). DMEM was from Cellgro
(Manassas, VA), and low-endotoxin FBS was from Atlas Bio-
logicals (Fort Collins, CO). Akt inhibitor IV was from Calbi-
ochem. The Akt inhibitor API-1 was from Sigma-Aldrich (St.
Louis, MO). The Akt inhibitor MK-2206 was from Cayman
Chemical (Ann Arbor, MI). Cell surface protein biotinylation
and isolation were performed using the Pinpoint cell surface
protein isolation kit from Pierce.

Mice, cells, cell culture, stimulations, and ELISA

C57BL/6 mice were purchased from The Jackson Laboratory
(Bar Harbor, ME). All mouse strains were bred and maintained
under specific pathogen-free conditions in the animal facilities
at the University of Massachusetts Medical School in accord-
ance with the Institutional Animal Care and Use Committee.
Immortalized macrophage cell lines were generated from wild-
type, TLR4/~, and IRAK1 ™/~ mice (from James A. Thomas,
Baylor College of Medicine, described in Ref. 8). A cell line
stably overexpressing miR-718 was generated using a lentiviral
pMIRNA1-miR718 vector; as a control, we constructed a cell
line stably expressing an empty vector pMIRNA1 (Con miR).
To silence miR-718 expression, we generated a cell line stably
silencing miR-718 (Anti-miR-718) using a lentiviral miRzip-
miR718 vector and, as a control, a stable cell line expressing the
empty vector miRzip (Con Inh). All lentiviral vectors were from
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System Biosciences (Palo Alto, CA). The production of viral
particles in HEK293T cells was performed using the psPAX2
and pMD2.G lentiviral packaging vectors. All cells were cul-
tured in DMEM supplemented with ciprofloxacin and 10% FBS.
Anti-miR-718 cells were maintained with 5 ug/ml puromycin.
2 X 10° macrophages were plated and stimulated the following
day with the indicated amounts of LPS and nigericin. All tran-
sient transfections were performed with Lipofectamine 2000 in
accordance with the instructions of the manufacturer. Nigeri-
cin (10 um) was added 1 h before supernatants were collected.
Cytokine measurements were performed using ELISA kits for
mouse IL-18 and TNFa (R&D Systems).

Immunoblot analysis

Immunoblot analysis was performed using antibodies directed
against IRAK1, phospho-Akt-Ser*”?, Akt, PTEN, NF-«B, P65,
and IkBa (Cell Signaling Technologies, Danvers, MA), TLR4
(Santa Cruz Biotechnology, Dallas, TX), and B-actin (Sigma).

Transfection of antisense miRNAs

For miRNA transfection studies, iBMDMs were seeded in
6-well plates and transfected with 50 nm let-7e miRNA, anti-
sense let-7e miRNA (as-let-7e), or a scrambled (SCR) miRNA
(Ambion, Foster City, CA) using Lipofectamine 2000 in accord-
ance with the instructions of the manufacturer. Real-time PCR
was performed 24 h after transfection.

RNA extraction and real-time PCR

Immortalized mouse BMDMs, immortalized microglia, and
HEK293 cells (5 X 10° cells/condition) were plated and stimu-
lated with varying concentrations of LPS. RNA was extracted
with the RNeasy kit (Qiagen, Valencia, CA), cDNA was synthe-
sized using iScript Reverse Transcription Supermix (Bio-Rad),
and quantitative RT-PCR analysis was performed with qPCR
primers purchased from IDT (Coralville, IA) and iQ SYBR
Green Supermix (Bio-Rad). Gene expression data are presented
as aratio of gene copy number per 100 copies of actin = S.D. For
miRNA (miR-718 and miR-146) detection, small RNAs were
extracted using the MirVana PARIS kit (Applied Biosystems),
and TagMan microRNA assays (Applied Biosystems) were
used to quantitate miRNA expression. Expression of sno202
was used as an internal control.

Luciferase assay

The PTEN-3" UTR-Luc reporter construct was a gift from
Eric N. Olson (46), and the NF-«B-Luc reporter construct is
described in Ref. 47. The above reporter constructs were trans-
fected in iBMDMs, and luciferase activity was measured with
the luciferase reporter assay system (Promega, Madison, W1I).

Flow cytometry

Cells were washed with PBS containing 1% FBS and resus-
pended in a 1:200 dilution of phycoerythrin-conjugated anti-
mouse TLR4 antibody (eBioscience, San Diego, CA) for 30 min
in the dark and on ice. The cells were then washed twice with
PBS containing 1% FBS and analyzed by flow cytometry.
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Confocal microscopy

Confocal microscopy was performed on a Leica TCS SP8
AOBS confocal laser-scanning microscope. For P65 staining,
NEF-«kB P65 antibody as primary antibody and anti-rabbit IgG
AF647 as secondary antibody were used (both from Cell Signal-
ing Technologies).

N. gonorrhoeae culture

N. gonorrhoeae was harvested from an overnight culture on
chocolate agar plates, repassaged onto fresh chocolate agar, and
grown for 6 h at 37 °C in an atmosphere containing 5% CO.,,

Statistical analysis

Student’s ¢ test was used to statistically analyze differences
between groups. p <0.05 was considered significant.
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