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Background: How miRNAs regulate the inflammatory response and their participation in animals is largely unknown.
Results: Transgenic mice overexpressing an miRNA newly identified from the small RNA library, mmu-miR-7578, demon-

strated higher survival rates after septic shock.

Conclusion: mmu-miR-7578 acted as a negative regulator on innate immune response via targeting Egr1.
Significance: We provide the first in vivo evidence that miR-7578 acted as a negative regulator of immune response.

Appropriate innate immune responses are required to protect
an organism against foreign pathogens, and the immune
response must be tightly controlled. Here, we report a new
microRNA (miRNA) identified from a small RNA library from
the epididymis, termed miR-7578, that acts as a negative regu-
lator of inflammatory responses. It was abundantly expressed in
immune-related organs and induced by lipopolysaccharide in
the lung and epididymis, as well as macrophages stimulated with
diverse Toll-like receptor ligands, in an NF-kB-dependent man-
ner. mmu-miR-7578 inhibited the release of pro-inflammatory
cytokines, including TNFa and IL6, by regulating its target gene
Egrl, which encodes a transcription factor that activates TNFa
and NF-kB expression. Transgenic mice overexpressing mmu-
miR-7578 displayed higher resistance to endotoxin shock and
lower plasma levels of TNFa and IL6, indicating that this
miRNA acted as a negative molecule of immune response. In
sum, we report a previously uncharacterized LPS-responsive
miRNA that controls inflammatory response in a feedback loop
by fine-tuning a key transcription factor in vivo.

MicroRNAs (miRNAs)? are a class of single-stranded, con-
served, noncoding small RNAs consisting of ~22 nucleotides.
miRNAs regulate gene expression by repressing mRNA trans-
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lation and reducing mRNA stability, or both, mainly through
imperfect binding to miRNA recognition elements (MREs)
within the 3’-untranslated regions (UTRs) of target genes (1).
The expression of miRNAs is subject to temporal and spatial
regulation in different tissues and organs (2—5). Some miRNAs
are expressed exclusively or preferentially in certain tissue types
(6).

By regulating gene expression, miRNAs are implicated in
regulating a series of diverse biological processes, such as
embryogenesis, differentiation, tumorigenesis, inflammation,
and immunity (7). The innate immune system, including epi-
thelial and immune cells such as macrophages/monocytes and
dendritic cells, plays a key role in the first line of defense against
foreign infection by recognizing the conserved components of
microorganisms through toll-like receptors (TLRs) (8). TLR
ligands are diverse, including bacterial cell wall components,
bacterial genomic DNA, and viral, fungal, and parasitic prod-
ucts. In particular, lipopolysaccharide (LPS) mediates the toll-
like receptor 4 (TLR4) signaling pathway, leading to the activa-
tion of NF-«B, thus resulting in the secretion of downstream
pro-inflammatory cytokines, such as TNFa and IL6 (9, 10).

The influence of miRNAs on innate immune responses was
first characterized in a pioneer study showing that LPS can
induce the expression of specific miRNAs, including miR-
146a/b, miR-132, and miR-155, in human THP-1 monocytes
(11). Thereafter, emerging evidence shows that miRNAs play
important roles in innate immunity. miR-146 targets IRAK1
and TRAF6, two essential components of TLR pathways,
thereby acting as a negative regulator of inflammation (11).
miR-147 also negatively regulates the expression of pro-inflam-
matory cytokines TNFa and IL6 via an unclear pathway (12).
However, miR-155 was found to enhance the production of
TNFa, which suggests the positive roles of miR-155 in regulat-
ing the release of inflammatory mediators (13). The complexity
of innate immunity indicates that more miRNAs may be
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involved in the process. For example, miR-187, miR-9/9%, and
the miR-125a/miR-99b/let-7e cluster are activated by LPS in
polymorphonuclear neutrophils and monocytes (9). In addi-
tion, a single molecule in the TLR pathway can be targeted by
different miRNAs. For example, miR-16, miR-125b, miR-155,
miR-221, and miR-579 can target TNFa, and TLR4 was proved
to be a target gene of let-7i and miR-223 (13-17). Different
miRNAs may play pro- or anti-inflammatory roles at the imme-
diate-early, early, and late response stages, resulting in the
sequential induction of miRNAs that can control the strength
and longevity of an inflammatory response (18). Nevertheless,
detailed mechanisms underlying the regulation of an adequate
innate immune response by miRNAs remain largely unknown,
and how miRNAs function in vivo is seldom addressed.

The epididymis is a male reproductive organ that is essential
for sperm maturation, storage, and protection (19). The epidid-
ymal tract expresses multiple TLRs, which demonstrates that
TLRs play important roles in the innate immunity of the epi-
didymal tract (20). Gene expression within the epididymis is
highly regionally regulated. For example, about 3,000 genes
show 4-fold expression changes between the epididymis head
and tail, even more than the number of genes with 4-fold
changes between the eye and bladder, two distinct organs with
very different functions (21). The specificity of function and
gene expression patterns in the epididymis may be attributable
to the specificity of epididymal miRNA expression and func-
tion. Yet, the expression and function of miRNAs in the epidid-
ymis remain unclear.

In this study, a new miRNA, termed as mmu-miR-7578, was
identified from epididymis. It acts as a novel innate immune-
responsive miRNA. Further in vitro and in vivo analyses showed
that mmu-miR-7578 orchestrates the down-regulation of pro-
inflammatory cytokine genes through NF-«B signaling, and
this inhibition is accomplished through the mmu-miR-7578
target gene early growth response 1 (Egrl).

EXPERIMENTAL PROCEDURES

Animals—Healthy C57BL/6 mice were purchased from the
Animal Center of the Chinese Academy of Sciences (Shanghai,
China). They were housed for an additional 7-10 days before
manipulation in the animal house at the Institute. Food and
water were freely available throughout the experiments.

Reagents—Lipopolysaccharide from Escherichia coli (055:
B5) was from Sigma. Pam3CSK4, poly(I:C), and CpG oligode-
oxynucleotide 1585 were from InvivoGen (San Diego). Thiogly-
colate broth was from Fluka (Buchs, Switzerland). Rabbit anti-
p65 and anti-Egrl antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-Gapdh antibody was
purchased from Kangcheng (Shanghai, China). SN50 and
SN50M were from Calbiochem. p-Galactosamine was from
Sigma. Electronic transfection reagent cell line nucleofector kit
V was from Lonza (Basel, Switzerland). FuGENE HD transfec-
tion reagent was from Roche Applied Science.

Small RNA Library Construction and miRNA Target
Prediction—Small RNA libraries were constructed according to
the protocol of the Bartel laboratory with minor modifications.
Briefly, small RNAs of 18 —24 nt were gel-purified, and then 5'-
and 3'-specific adaptors (IDT) were added. The cDNA of the
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purified ligated products was amplified, followed by digestion
with the Banl restriction enzyme. The purified pellets were
ligated with T4 DNA ligase (Promega, Madison, W1I). The con-
catamerized cDNAs were cloned by TA cloning before select-
ing clones. New miRNA confirmation was conducted as
described before (22). Briefly, the sequences were first referred
to the rat genome (Wwww.ncbi.nlm.nih) and miRBase. The 70-nt
5'- and 3'-flanking sequences of the mature miRNA were
extracted and subjected to hairpin structure prediction with
mfold software. Then the new miRNA candidates were sub-
jected to quantitative RT-PCR or Northern blot confirmation.
miRNA target genes were predicted with TargetScan Version
3.0 as described previously (23), with some modifications to fit
the less conserved miRNAs, and a Perl script of nonconserved
sites for target prediction was also downloaded for reference.

Intratracheal Instillation of LPS—C57BL/6 mice were intra-
tracheally injected with 1 mg/kg LPS in 50 ul of PBS. AtO0, 4, 24,
48, or 72 h after injection, the mice (n >5) were sacrificed. The
lungs were collected for small RNA isolation.

Epididymitis Model Induced by LPS or E. coli Injection—LPS
(25 ug/kg body weight) was injected into the caput tubules of
the right epididymis, and the animals were sacrificed after 3
days. Adult mice were infected with E. coli (10° CFU/ml, 0.1 ml)
in the right vas deferens. The mock group was injected with
0.9% saline solution on the other side (n = 5 per group). Three
days later, the animals were sacrificed, and the epididymis was
collected for RNA isolation.

Cell Culture and Stimulation—Murine macrophage
RAW264.7 cells, THP-1 monocytic cells, and mouse PC1 epi-
didymal cells were purchased from the CellBank of Shanghai
Institute of Biological Sciences. RAW264.7 cells were cultured
in DMEM plus 10% FBS at 37 °C and 5% CO,. THP-1 cells were
cultured in RPMI 1640 medium plus 10% FBS at 37 °C and 5%
CO.,. PC1 cells were cultured in Iscove’s modified Dulbecco’s
medium plus 10% FBS at 30 °C and 5% CO,. RAW264.7 cells
were stimulated for various durations with LPS (1 pg/ml),
poly(I:C) (25 pg/ml), Pam3CSK4 (0.1 ug/ml), or CpG oligode-
oxynucleotide (6 pg/ml); PBS served as stimulation control.
The cells were collected for RNA isolation, or the supernatants
were collected to measure the concentrations of TNFa and IL6
by ELISA.

Generation of Transgenic Mice—A precursor of mmu-miR-
7578 was amplified with the following primers: forward
ATCGCGGCCGCATCTCTTCCCTTTCTGTCA and reverse
ATCGAGCTCTGTGGGCCCAGTGCCTGCT. The 746-bp
product was digested and cloned into the overexpression vector
pUBC containing a human ubiquitin-C promoter, which was
found to provide the most reliable expression across different
cell types. After testing the efficacy of mmu-miR-7578 overex-
pression in HEK 293T cells, the construct was linearized for
microinjection. The genotype of the transgenic mice was ana-
lyzed by PCR with the following primers: forward 5'-GGGT-
TGGCGAGTGTGTTTT-3" and reverse 5 -TGCCAGAGA-
TAGGCAAGACC-3'. The genomic DNA was extracted with
the DNA extraction kit (Qiagen, Valencia, CA). Northern blot
was conducted to detect the overexpression of mmu-miR-7578
in different tissues of the transgenic mice. Two distinct found-
ers were bred separately for use in this study.

JOURNAL OF BIOLOGICAL CHEMISTRY 4311


www.ncbi.nlm.nih

Novel miRNA Regulates Inflammatory Responses in Vivo

A rno-ca-179 rno-co-606 C rno-ca-715
4 1.4
20 'I' 1:2
So3 S2 ¢ 10
§2 5 52 1
£22 23 gz 8
2 2 10 2$ o
o84 en 8% 4
2
0 0.0 . = [l 0.0
F PSS SFL AL Ee XS SRS SLS Fe P S SO S
P F P LRV FVS P & X P S PP DS F P LR PV S
& & <O R & $ A RV SR Q O R0 O By R $
& ¢ 0 & ¢ o T A :
B rno-ca-2 rno-ca-786 D mmu-miR-7578
20000 ,,‘L\‘& ¥
2 ‘\é& Q \\°° & A
c e 5 & Q,?’ L & (‘c
%g 15000 §§2° MRS MNP &
o3 ) |
5% s g3 18 |
2o 2o : = 7578
= = 10 & 2
gz $8 e e s wm e e (¢SNRNA UG
5 = e = i‘ ltRNA
ol — 2 . 0 s =33 £ staining
9 . 2 .& X S o ool d o0
Fi .’ S S L S CFLFEF LSS &
NP & CANIINIORS Y Q0 VS
&S G VLS e CFIVEN

FIGURE 1. Confirmation and characterization of six new miRNAs cloned from epididymis. A-C, expression profile of five novel miRNAs in 10 rat tissues. D,
tissue distribution of mmu-miR-7578 in mouse. A representative experiment is shown in triplicate along with S.D. in A-C. At least two independent experiments
were performed in D.

Endotoxin Shock—The transgenic mice (6 -8 weeks old) or  kidney, testis, and epididymis. Interestingly, five novel miRNAs
control mice were intraperitoneally injected with LPS (32 showed three distinct expression patterns. rno-ca-179 and rno-
pg/kg) and p-galactosamine (320 mg/kg) for endotoxin shock  co-606 were preferentially expressed in the testis and epididy-
and were monitored for survival for the ensuing 36 h. For the  mis (Fig. 14), rno-ca-2 and rno-ca-786 showed a lung-enriched
endotoxicity studies, mice were challenged with LPS (50 mg/kg,  pattern (Fig. 1B), and rno-ca-715 was expressed in different
administered intraperitoneally), and 2 h later, a sample of blood  tissues at varying levels (Fig. 1C). The existence of several new
was obtained, and plasma TNFa and IL6 were measured by  miRNAs was further confirmed in epididymis and testis by
ELISA. Northern blot (supplemental Fig. S2).

RESULTS mmu-miR-7578 Is Up-regulated in Inflamed Lung and
Epididymis, as well as Multiple TLR Ligand-stimulated
Macrophages—Interestingly, different from the five miRNAs
mentioned above, another novel miRNA, termed mmu-miR-
7578, showed a unique expression pattern. It was highly
expressed in these organs of mice, including lung, small intes-
tine, epididymis, spleen, and lymph node, which are immune-
competent tissues or tissues that are active in inflammatory
responses upon pathogen invasion (Fig. 1D). mmu-miR-7578 is

Identification and Characterization of Novel miRNAs from
the Epididymis—To profile epididymal miRNAs, rat epididy-
mides were dissected into four parts morphologically: initial
segment, caput (head), corpus (body), and cauda epididymis
(tail), which were then constructed into four distinct libraries,
respectively. In total, 5,000 reads were obtained for each library.
In other words, there were 20,000 small sequences collected
from four parts of the epididymis. According to the standard oF ) : . )
criteria for new miRNA identification (22), 26 novel miRNA located Wlthm th? 3 end of intron 9 of its COdmg gefle bro-
candidates were identified (referring to miRBase 16.0). Among modomain-containing 3 (Brd3), on chromosome 2 in mice, and
them, 20 miRNA candidates were homologues of known mouse chromosome 3 in rats. Interestingly, the last nucleotide (ade-
and/or human miRNAs. Their sequences and genomic loca- nine) of mmu-miR-7578 overlapped with the 10th exon of Brd3
tions are shown in supplemental Table S1. The remaining six (Fig. 24). mmu-miR-7578 and rno-miR-7578 differed by two
entries were identified for the first time (supplemental Table —nucleotides (Fig. 2A), one of which lies in the seed sequence
S2). The hairpin structure of these novel miRNA candidates region, indicating their poor conservation. But the expression
predicted with mfold software is shown in supplemental Fig. S1.  of them shows similar patterns in the rat (supplemental Fig.
Real time PCR was performed to confirm their existence and S3A) and mouse (Fig. 1D). Both mmu-miR-7578 and rno-miR-
characterize their expression profiles in different tissues, 7578 originated from host gene Brd3. Taken together, this evi-
including prostate, brain, stomach, heart, liver, spleen, lung, dence suggests that mmu-miR-7578 and rno-miR-7578 are
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FIGURE 2. miR-7578 genomic location and its up-regulation in the inflamed lung and epididymis, as well as multiple TLR ligand-stimulated macro-
phages. A, genomic location of miR-7578 and alignment of the miR-7578 sequences of primates and rodents. The dashed box indicates the mature mmu-miR-
7578.The adenine nucleotide of mmu-miR-7578 overlapping the 10th exon of Brd3 is highlighted in the solid line box. B, up-regulation of mmu-miR-7578 in the
lungs after LPS administration. C, induction of mmu-miR-7578 in LPS-treated epididymis. Left panel, LPS was injected into the caput tubules of the right
epididymis, and the animals were sacrificed 3 days later. Right panel, adult mice were infected with E. coli in the right vas deferens for 3 days. The mock group
was injected with 0.9% saline solution on the other side. n = 5 per group. D, induction of mmu-miR-7578 by multiple TLR ligands. E, time course of mmu-miR-
7578 induction by diverse TLR ligand stimuli and PBS. Data shown are representative of at least two independent experiments in B-D. The number below the
panel represents the relative amount of mmmu-miR-7578 normalized to snRNA U6. Values are presented as the mean =+ S.D. from three independent
experiments in E. **, p < 0.01.

probably homologue genes with less conservation. However,
because they differ in one nucleotide in the seed sequence, it is
very likely they target different genes. Sequence alignment
results showed that mmu-miR-7578 homologues also existed in
the human, chimpanzee, and monkey genomes, but with vari-
ations of several nucleotides (Fig. 24). Using a probe comple-
mentary to the hypothetical mmu-miR-7578%, only a precur-
sor-like band was detected in the murine RAW?264.7 cell and
mouse epididymis by Northern blot (supplemental Fig. S3B),
suggesting that mmu-miR-7578* may not exist. Because mice
are more widely used animal models than rats, and mmu-miR-
7578 transgenic models will be generated and used, the latter
experiments were conducted on mmu-miR-7578.

asEvE
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Given that mmu-miR-7578 was highly expressed in the mouse
lung, small intestine, and epididymis (Fig. 1D), which are easily
exposed to foreign pathogens, we examined its expression in the
LPS-exposed lung and epididymis. As shown in Fig. 2B, after LPS
administration, mmu-miR-7578 in the lung gradually increased
and reached its highest level 3 days later in mice. In the epididym-
itis model induced by LPS injection in one side of mouse epididy-
mis, mmu-miR-7578 was significantly up-regulated 3 days after
LPS treatment compared with the mock side, injected with saline
solution (Fig. 2C). Consistent with these observations, in the
mouse inflammatory epididymis, which was induced by injecting
E. coli into one side of the vas deferens for 3 days, the expression of
mmu-miR-7578 increased significantly (Fig. 2C).
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FIGURE 3. mmu-miR-7578 inhibited LPS- or CpG-induced TNF« and IL6 production. A, mmu-miR-7578 mimic attenuated LPS- or CpG-induced TNF«
release. RAW264.7 cells were transfected with 50 or 100 nm scrambled mimic or mmu-miR-7578 mimic. Twenty four hours later, the cells were cultured without
or with 1 ug/ml LPS or 6 ug/ml CpG oligodeoxynucleotide for 24 h followed by ELISA measurements. B, mmu-miR-7578 LNA inhibitor promoted TNF«
expression. G, mmu-miR-7578 mimic attenuated LPS- or CpG-induced IL6 release. D, mmu-miR-7578 LNA inhibitor promoted IL6 expression. Values are
presented as the mean = S.D. from at least three independent experiments in A-D. *, p < 0.05 and **, p < 0.01 compared with control groups.

The above observations suggest that mmu-miR-7578 is likely
involved in the inflammatory response. Therefore, the expres-
sion of mmu-miR-7578 was examined in murine macrophage
RAW264.7 cells treated with various TLR ligands for 24 h. The
basal level of mmu-miR-7578 was low in macrophages but was
gradually induced not only by LPS but also by other ligands,
including Pam3CSK4 (TLR2 ligand), poly(I:C) (TLR3 ligand),
and CpG (TLR9 ligand) (Fig. 2D). We further examined the
kinetics of mmu-miR-7578 expression upon different ligand
stimuli. As shown in Fig. 2E, mmu-miR-7578 started to increase
as early as 2 h and reached a plateau ~36 h after TLR ligand
treatment, compared with 0 h. Noticeably, mmu-miR-7578, as
for the positive control miR-155 (14), was up-regulated in mul-
tiple ligand-treated murine macrophages, with similar expres-
sion kinetics (supplemental Fig. S44). Moreover, TLR ligands
induced mmu-miR-7578 in a concentration-dependent man-
ner. The concentrations of 0.8 pg/ml LPS, 0.1 ug/ml
Pam3CSK4, 1 pg/ml poly(I:C), and 6 ug/ml CpG induced the
respective maximum expression levels of mmu-miR-7578 (sup-
plemental Fig. S4B). Taken together, these results suggest that
mmu-miR-7578 can be induced by multiple TLR ligands and
that its induction shows time- and dose-dependent patterns.

mmu-miR-7578 Is a Negative Regulator of Macrophage
Inflammatory Responses—The fact that mmu-miR-7578 was
up-regulated by different TLR ligands prompted us to ask
whether mmu-miR-7578 plays roles in regulating inflamma-
tory responses. After transient transfection of a mmu-miR-
7578 mimic into macrophages for 24 h, we treated the cells with
1 ug/ml LPS or 6 ug/ml CpG and detected pro-inflammatory
cytokines 24 h later. As shown in Fig. 34, mmu-miR-7578
mimic alleviated LPS- or CpG-induced secretion of TNFa, and
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the inhibition was concentration-dependent. In contrast, the
mmu-miR-7578 locked nucleic acid (LNA) inhibitor increased
TNFa release in a dose-dependent pattern (Fig. 3B). Addition-
ally, we examined whether another pro-inflammatory cytokine,
IL6, was affected by mmu-miR-7578. As shown in Fig. 3, C and
D, compared with their respective controls, mmu-miR-7578
mimic significantly repressed IL6 secretion after LPS or CpG
induction, whereas the LNA inhibitor enhanced IL6 secretion.
Taken together, these findings show that mmu-miR-7578
represses the release of TNFa and IL6 in LPS- or CpG-stimu-
lated macrophages, indicating that mmu-miR-7578 negatively
controls inflammatory responses.

Egrl Is a Bona Fide Target of mmu-miR-7578—By in silico
analysis, Egrl was predicted to be a target gene of mmu-miR-
7578. miRNAs inhibit mRNA translation by binding to a spe-
cific sequence within the 3'-UTR, also known as the MRE. The
sequence within the miRNA that binds to the MRE is known as
the “seed region” (24). Computational analysis showed that
mouse Egrl contains three putative mmu-miR-7578 MREs
within its 3'-UTR, a, b, and ¢ (Fig. 4A4), which suggests a stron-
ger association than if only one site were present. It is notewor-
thy that Egr! increased immediately upon LPS stimulation and
then significantly declined after 4 h and reached its lowest level
36 h later (supplemental Fig. S5). The pattern of Egrl expres-
sion was the opposite of the mmu-miR-7578 expression pattern
following LPS induction (supplemental Fig. S5), suggesting that
up-regulation of mmu-miR-7578 may repress Egrl expression.

To test this hypothesis, the expression of Egrl mRNA in cells
transfected with mmu-miR-7578 mimic was compared with
Egrl expression in scrambled mimic-transfected cells via real
time PCR. Compared with the scrambled mimic, Egrl mRNA
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expression was significantly lower in cells transfected with
mmu-miR-7578 mimic (Fig. 4B). In contrast, the mmu-miR-
7578 LNA inhibitor caused Egrl up-regulation (Fig. 4C). Both
mimic and LNA displayed concentration-dependent effects.
This means that mmu-miR-7578 may regulate Egrl expression
by stimulating the degradation of its mRNA. This was con-
firmed by immunoblotting analysis; mmu-miR-7578 mimic
promoted a decreased Egr1 protein level, and the LNA inhibitor
led to higher Egrl compared with their respective scrambled
controls (Fig. 4, D and E). Additionally, overexpression of
mmu-miR-7578 precursor sequence (lenti-7578) repressed
Egrl in a dose-dependent manner (Fig. 4F). These data indicate
that mmu-miR-7578 regulates Egrl expression both on mRNA
and protein levels.

To further determine whether mmu-miR-7578 directly tar-
gets Egrl, we conducted luciferase assays. We constructed a
pUTR-f] vector based on reporter vector pRL-TK by cloning
the full-length 3'-UTR of Egr! adjacent to a luciferase reporter
gene (Fig. 4G). In addition, by deleting the potential mmu-miR-
7578 seed region binding sites MRE a— ¢, individually or simul-
taneously, as underlined in Fig. 4G, we made four other dele-
tion constructs termed pUTRAa, pUTRAb, pUTRAc, and
pUTRAabc (Fig. 4G). Transient transfection of mmu-miR-7578
precursor lenti-7578 and pUTR-l into epididymal cell-derived
PC1 cells resulted in a significant suppression of luciferase gene
expression compared with that of the empty vector control (Fig.
4H). This means that mmu-miR-7578 inhibited the reporter
gene expression possibly by interacting with MRE sites. The
inhibition also occurred to a lesser extent when pUTRAa or
pUTRADb was co-transfected with lenti-7578 compared with
the full-length pUTR-fl. However, MREc deletion did not sig-
nificantly change the inhibitory effect (Fig. 4H). When the three
potential sites in the UTR were all deleted (pUTRAabc), over-
expression of mmu-miR-7578 had no effect on the reporter
gene expression (Fig. 4H). These data suggest that mmu-miR-
7578 acts as an inhibitor of Egrl gene expression mainly by
directly interacting with MREa and MRED in its 3'-UTR. This
was also supported by evidence from mmu-miR-7578 silencing
assays (Fig. 41). When the mmu-miR-7578 LNA inhibitor was
co-transfected with pUTR-fl into PC1 cells, which endoge-
nously expressed mmu-miR-7578 (supplemental Fig. S3C),
luciferase gene expression was significantly up-regulated.
When pUTRAa or pUTRAbD was co-transfected with the LNA
inhibitor, the reporter gene activity was also increased but to a
lesser extent than with the full-length pUTR-fl. Similarly,
MREc deletion did not remarkably dampen the promoting
effect caused by LNA. As expected, the reporter gene expres-
sion remained unchanged when all three MREs were deleted
(Fig. 41). Taken together, the above data suggest that mmu-
miR-7578 directly targets Egrl and represses its expression
mainly by binding to MREa and MRED within its 3'-UTR, but
MREc does not make a significant contribution to mmu-miR-
7578 recognition.

mmu-miR-7578 Regulates TNFo and IL6 by Regulating Its
Target Gene Egrl—Egrl is an early response transcription fac-
tor involved in various pathways (25-27). Egrl acts as an early
transcription factor to promote TNFa and NF-«B gene tran-
scription by binding to their promoter regions in LPS-exposed
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FIGURE 5. Silenced Egr1 impairs the promoting effect of mmu-miR-7578
LNA inhibitor on the release of TNF« and IL6. A, TNFq, and B, IL6 in the
supernatant of RAW264.7 cells co-transfected with mmu-miR-7578 LNA
inhibitor and siRNA targeting Egr1 for 24 h followed by 1 wg/ml LPS or PBS
stimulation. For transfection, si-nc was used as the negative control of si-1,
si-2, and si-3, which all silenced Egr1 expression. Scrambled LNA was used as
the control of the mmu-miR-7578 LNA inhibitor. Values are presented as the
mean = S.D. from three independent experiments. A least significant differ-
ence test of one-way analysis of variance was performed. Differences were
considered significant only at p < 0.05.

macrophages (28). Egrl-null mice show alleviated inflamma-
tory responses characterized by decreased pro-inflammatory
cytokine release (29, 30). We found that Egrl mRNA immedi-
ately increased after LPS stimulation but decreased 4 h later
(supplemental Fig. S5). As shown above, mmu-miR-7578 LNA
promoted the LPS-induced TNF« release; however, co-trans-
fection of Egrl siRNAs impaired the TNF« increase (Fig. 5A4).
The same was also observed for IL6 (Fig. 5B). The silencing
effects of the siRNAs on Egrl expression had been pre-tested in
RAW264.7 cells by real time PCR and immunoblotting assays
(supplemental Fig. S6). These observations demonstrate that
Egrl down-regulation by mmu-miR-7578, as in Egrl ablation,
inhibits the expression of TNFa and IL6.

TLR-induced wmmu-miR-7578 Up-regulation Is NF-kB
Pathway-dependent—miR-155 induction by LPS occurs in an
NF-«kB-dependent manner (14). The similar expression kinet-
ics of miR-155 and mmu-miR-7578 suggest that mmu-miR-
7578 induction by LPS may also depend on NF-«B activation.
To test this possibility, aided by the Genomatix MatInspector
software package, we analyzed the sequence of Brd3 from
which mmu-miR-7578 originates. Surprisingly, two adjacent
NF-«B consensus binding sites were identified, not in the pro-
moter region but in the intron between exons 9 and 10 of
murine Brd3, ~600 nt upstream of mmu-miR-7578 (Fig. 6A).
We performed chromatin immunoprecipitation assays and
observed constitutive binding of the NF-kB p65 subunit to this
region. The binding activity was increased after 6 h of LPS stim-
ulation (Fig. 6B). As expected, after LPS treatment, the p65
subunit increasingly bound to the promoter of the NF-«B-de-
pendent TNFa gene, which served as a positive control. To
further examine the role of NF-«B in the induction of mmu-
miR-7578 by LPS, we exposed macrophages to SN50, which
specifically inhibits NF-kB activation (25), or its mutant
SN50M as a negative control, prior to LPS treatment, and inves-
tigated the influence of NF-«kB on mmu-miR-7578 induction.
As shown in Fig. 6B, SN50 attenuated the p65 binding to this
region, but SN50M did not. By using Northern blot and quan-
titative PCR, we also investigated the influence of SN50 on the
expression of LPS-induced mmu-miR-7578. As shown in Fig.
6C, SN50 alleviated the LPS-induced mmu-miR-7578 expres-
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sion, but SN50M did not. These data suggest that induction of
mmu-miR-7578 depends on NF-«B activation.

mmu-miR-7578 Helps Protect Mice from Endotoxin Shock in
Vivo—To explore the role of mmu-miR-7578 in innate immu-
nity in vivo, we first generated mmu-miR-7578 transgenic mice
by overexpressing a 300-nt precursor of mmu-miR-7578 under
the control of a ubiquitin-C promoter. The genotyping of the
mice was performed by PCR on genomic DNA (supplemental
Fig. S7), and the overexpression profile of mmu-miR-7578 in
different tissues was detected by Northern blot. As anticipated,
the mice expressed more mmu-miR-7578 in lung, liver, kidney,
spleen, and small intestine compared with their nontransgenic
littermates. Consequently, Egrl was down-regulated in these
tissues (Fig. 7A). We then subjected the mice to endotoxin
shock by intraperitoneal injection with LPS and p-galactosa-
mine. The transgenic mice were more resistant to endotoxin
shock, as determined by survival rate, than were the nontrans-
genic controls (Fig. 7B). Furthermore, the death of transgenic
mice was delayed, indicating that mmu-miR-7578 protects
mice from endotoxin shock. Correspondingly, the LPS-driven
cytokines in plasma (TNFa and IL6) were less abundant in
transgenic mice (Fig. 7C). Notably, whether challenged by LPS
or not, the peripheral macrophages isolated from transgenic
mice expressed more mmu-miR-7578 than did those of control
littermates (Fig. 7D). The phenotypes of mmu-miR-7578 trans-
genic mice were consistent with those of Egri-null mice, which
display decreased inflammatory responses after stimulation
(29, 31, 32).
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DISCUSSION

Tissue- or organ-specific expression patterns for miRNAs
are increasingly reported (2-5). The epididymis exhibits high
regionally regulated gene expression and function (21). The
epididymal initial segment, caput, corpus, and cauda, which all
have distinct gene expression patterns, plays different roles in
sperm maturation, protection, and storage (19). Our study
characterized the miRNA expression specificity of the epididy-
mis for the first time. In this study, 20 new miRNAs identified in
the rat filled some of the gaps between rat and mouse/human
miRNA databases. Moreover, six novel miRNAs were identified
for the first time and were expressed ubiquitously in some tis-
sues or preferentially in the lung, testis, and epididymis. We
believe that more miRNA candidates would be identified from
the epididymis if deep sequencing technology was introduced
instead of the small scale cloning strategy in this study. Of par-
ticular interest is that mmu-miR-7578 was highly expressed in
the immune-competent organs, further confirming that the dif-
ferent miRNAs have distinct expression patterns.

In a functional sense, the tissue- and organ-specific expres-
sion of miRNAs endows miRNAs with specific functions in dif-
ferent physiological and pathological processes (7). A number
of miRNAs are expressed preferentially in tissues that govern
the innate immune responses (9, 11, 12, 14). The immune-spe-
cific expression pattern of mmu-miR-7578 implicates it as
another innate immunity-responsive miRNA.

Appropriate innate immune responses are required to pro-
tect an organism against various foreign pathogens. If too
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strong or maintained too long, the induced response can be
harmful and lead to inflammatory diseases. Thus, the immune
response must be tightly controlled. Several miRNAs act as
negative regulators of TLR signaling and inflammatory
responses, including miR-146, miR-147, miR-9, and miR-21 (9,
11, 12, 33). Here, mmu-miR-7578, which was up-regulated by
the NF-kB-dependent pathway in response to pro-inflamma-
tory stimuli, also negatively controlled innate responses by
down-regulating TNFa and IL6 by directly inhibiting the
expression of Egrl, a crucial transcriptional factor in the
inflammatory response. Based on these findings, we propose a
feedback-loop regulation model for inflammatory responses
(Fig. 7E). Upon LPS exposure, Egrl is immediately induced,
leading to the activation of pro-inflammatory cytokines
through the NF-kB pathway, including TNF« (28), IL1j3, IL2
(34), and IL6, a direct target of TNFa. Meanwhile, LPS up-reg-
ulates mmu-miR-7578 through the NF-kB pathway, which in
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turn represses the expression of Egrl. As a result, appropriate
inflammatory responses are fine-tuned.

miRNAs involved in inflammatory responses are up-regu-
lated by pro-inflammatory stimuli through TLRs (8). The TLR-
inducible miRNAs originate either from their host genes, such
as miR-9 and miR-147, which are located within the 3'-UTRs of
coding genes (9, 12), or from noncoding RNA transcripts, such
as miR-155 and miR-146, which are intergenic (11, 14). The
genomic locus of mmu-miR-7578 is located within intron 9 of
the protein-coding gene Brd3, implying that it may be tran-
scribed as part of its host gene (35), as are miR-147 and miR-9,
whose primary forms are also up-regulated by stimuli. How-
ever, by real time PCR analysis, we found that Brd3 mRNA did
not increase but gradually decreased after various TLR ligand
treatments (supplemental Fig. S84). Also, we detected in vivo
Brd3 expression in the infected animal model. As shown in
supplemental Fig. S8, B and C, Brd3 expression decreases after
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infection in the lung and epididymis, indicating that LPS mod-
ulates mmu-miR-7578 in a way that is different from the mod-
ulation of miR-147, miR-9, and other LPS-responsive miRNAs.
Given that mmu-miR-7578 spans an intron/exon junction,
extending one nucleotide into the downstream Brd3 exon, the
possible explanation is either that a common transcript is pro-
cessed into Brd3 or mmu-miR-7578 by alternative splicing or
that the splicing machinery and the microprocessor complex
compete to give rise to different transcripts.

The maximal activation of miR-147 requires the participa-
tion of both NF-kB via TLR2 and IRF3 via TLR3 (12). Our
observations indicate that TLR2 (Pam3CSK4) and TLR3
(poly(L:C)) stimulations both partially induce mmu-miR-7578
up-regulation (Fig. 2E), suggesting that, similar to miR-147, the
maximal mmu-miR-7578 induction requires both the NF-«B
and IRF3 pathways. By contrast, in monocytes, the induction of
miR-9 is achieved only through the MyD88-dependent path-
way (9), and activation of the TRIF-dependent pathway down-
stream of TLR3 is sufficient to induce miR-155 expression (14).
These findings indicate that different pro-inflammatory stimuli
can induce distinct miRNA expression patterns, suggesting
that different innate immune-responsive miRNAs play distinct
roles in the regulation of inflammatory responses.

This point is strongly supported by our in vivo observation
that mmu-miR-7578 transgenic mice were more resistant to
endotoxin shock by down-regulating Egrl followed by TNF«
and IL6, whereas Tili et al. (13) reported that Epu-miR-155
transgenic mice produce a higher level of TNFa when exposed
to LPS and are hypersensitive to LPS/p-galactosamine-induced
septic shock. Although the expression patterns of both mmu-
miR-7578 and miR-155 induced by TLR ligands were similar
(supplemental Fig. S4A), they seemed to play opposite roles in
regulating inflammatory responses. Nevertheless, a mmu-miR-
7578 ablation model is needed to provide more convincing evi-
dence to define the exact roles of mmu-miR-7578 in innate
immunity, and other target genes of mmu-miR-7578 await fur-
ther identification. Because the seed sequences (2-7 nt)
between rno-miR-7578 and mmu-miR-7578 differ in one
nucleotide, they may target different genes. More evidence is
needed for addressing the rno-miR-7578 participation in the
inflammatory control.

In summary, by the use of small RNA libraries, computa-
tional analysis and in vitro combined with in vivo experiments,
we profiled miRNA expression in the epididymis, leading to the
identification and characterization of six novel miRNAs. Par-
ticularly, we demonstrated the involvement of mmu-miR-7578
in the TLR-induced inflammatory response in a negative-feed-
back loop that is able to inhibit pro-inflammatory responses by
regulating the mmu-miR-7578 target gene Egrl. Our results
shed new light on the complexities of the regulation of innate
immunity by miRNAs. However, because the seed sequence of
miR-7578 differs among mice, rats, and the primates, implying
miR-7578 might have different target genes, it is very likely that
the miR-7578 function will not be restricted to immune regu-
lation. More evidence and efforts are needed to elucidate more
targets and physiological involvements of miR-7578 in the
future.
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