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Abstract

The levels of circulating microRNAs (miRNAs) in mice with experimental sepsis induced by cecal ligation and puncture (CLP)
were determined using whole blood samples obtained from C57BL/6 mice at 4, 8, and 24 h after CLP; miRNA expression
analysis was performed in these samples using an miRNA array. Microarray analysis revealed upregulation of 10 miRNA
targets (miR-16, miR-17, miR-20a, miR-20b, miR-26a, miR-26b, miR-106a, miR-106b, miR-195, and miR-451). The expression of
these miRNA targets in the whole blood, serum, and white blood cells (WBCs) of CLP mice was quantified using quantitative
real-time PCR; these values were compared to those in sham-operated C57BL/6 mice, and the results indicated that these
miRNA targets were significantly up-regulated in the whole blood and serum but not in the WBCs. In addition, the levels of
these 10 miRNA targets in the serum of TIr2—/—, Tlr4—/—, and NF-xB—/— mice at 8 h after CLP did not decrease
significantly., which indicated that the transcription of these miRNAs was not directly mediated by the TLR2/NF-kB or TLR4/
NF-kB pathway, and pathways induced by exposure to the gram-positive or gram-negative bacteria. Immunoprecipitation
with the Argonaute 2 ribonucleoprotein complex revealed significantly increased expression of the 10 miRNA targets in the
serum of mice after CLP, and the levels of 6 (miR-16, miR-17, miR-20a, miR-20b, miR-26a, and miR-26b) of these 10 miRNA
targets increased significantly in exosomes isolated using ExoQuick precipitation solution. In this study, we identified
circulating miRNAs that were up-regulated after CLP and determined the increase in the levels of these miRNAs, and our
results suggest that circulating Ago2 complexes and exosomes may be responsible for the stability of miRNAs in the serum.

Citation: Wu S-C, Yang JC-S, Rau C-S, Chen Y-C, Lu T-H, et al. (2013) Profiling Circulating MicroRNA Expression in Experimental Sepsis Using Cecal Ligation and
Puncture. PLoS ONE 8(10): €77936. doi:10.1371/journal.pone.0077936

Editor: Jose Carlos Alves-Filho, University of Sdo Paulo, Brazil
Received May 26, 2013; Accepted September 5, 2013; Published October 30, 2013

Copyright: © 2013 Wu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The work was supported by Taiwan National Science Council (NMRPG8A6082) and Chang Gung Memorial Hospital (CMRPG8A1051 & CMRPG8B1131)
to Ching-Hua Hsieh. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: m93chinghua@gmail.com

@ These authors contributed equally to this work.

Introduction polymicrobial infection and ischemia and provides a source of
ischemic tissue. This surgical procedure produces bowel perfora-
tion, which results in leakage of feces into the peritoneum and
bacterial peritonitis. The combination of ischemic/necrotic tissue
and microbial infection distinguishes this multifactorial model
from a number of other models of bacterial sepsis [7]. The CLP
model reflects the hemodynamic changes and the clinical course of
humans remains poorly understood, and hospitalization and the disease and reproduces the features of the cytokine-and
mortality rates of patients with sepsis have increased substan- chemokine-mediated immune response observed in human sepsis
tially [2]. Sepsis accounts for 25% of admissions to the intensive [8].
care units (ICUs), and it is associated with a mortality rate of Sera and other body fluids contain cell-free DNA, RNA, and
approximately 50% ([3]; therefore, there is an urgent need to circulating nucleic acids, which serve as potential biomarkers for
understand the pathophysiological processes underlying sepsis various diseases [9]. Recently, circulating microRNAs (miRNAs)
and .idéntify rc%iable‘ bior.narlfcrs for early diagnosis or thera- in the serum were found to show specific expression patterns,
peutic intervention for this disease. and these patterns suggested that serum miRNAs contain
Various animal models have been used for investigating the fingerprints for various diseases; therefore, circulating miRNAs
pathogenesis of sepsis and for preliminary testing of potential are considered promising markers for the detection of diseases
therapeutics. Among these models, cecal ligation and puncture [10-12]. miRNAs are approximately 22-nt-long small regulatory

(CLP) in rodents is the most widely used, and it is a realistic model RNA molecules that modulate the activity of specific mRNA
for experimental sepsis, which is currently considered the gold

standard in sepsis research [4—6]. Ligation of the cecum induces

Sepsis is a complex clinical condition that results from the
mability to of the host to regulate inflammatory responses
against infection. Sepsis causes severe adverse outcomes such as
shock, organ dysfunction, and death [1]. Despite more than 30
years of extensive study, the pathophysiology of sepsis in

targets and play important roles in a wide range of physiologic
and pathologic processes [13,14]. Changes in the miRNA
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expression profiles in tissues have been observed in various
diseases, including cancer, cardiovascular and neurological
diseases, and several inflammatory and autoimmune diseases.
In addition, despite the presence of ubiquitous ribonucleases
(RNases), the serum miRNAs levels are remarkably stable and
reproducible [15,16]. Further, biochemical analyses have shown
that miRNAs are resistant to RNase activity, extreme pH and
temperature, extended storage, and multiple freeze-thaw cycles
[17,18]. At least 2 possible mechanisms—exosome membrane
enclosure [19,20] and conjunction with an RNA-binding protein
such as Argonaute 2 (Ago2) [21,22]-provide a protected and
controlled internal microenvironment for the circulating miR-
NAs and allow them to travel long distances without
degradation. A horizontal transfer of the secreted miRNAs
from the donor to recipient cells influences gene expression in
the recipient cells and function as cell-to-cell communication
[23].

Given the possible important role of circulating miRNAs in the
regulation of the pathophysiology of various diseases and their
potential as disease biomarkers or therapeutic targets, in this study,
we aimed to profile the expression of circulating miRNAs in a
mouse model of CLP-induced sepsis.

Materials and Methods

Animal Experiments

TH2~'" (B6.129-Tlr2tm1Kir/]), Tir4 '~ (C57BL/10ScN]J),
and NF-kB~'~ (B6.Cg-NfkbltmlBal/]) mice were purchased
from Jackson Laboratory (Bar Harbor, ME). C57BL/6 mice were
purchased from BioLasco (Taipei, Taiwan). All housing conditions
were maintained, and surgical procedures, including analgesia,
were performed in an Association for Assessment and Accredita-
tion of Laboratory Animal Care International (AAALAC)-
accredited SPF facility according to national and institutional
guidelines. Animal protocols were approved by the IACUC of
Chang Gung Memorial Hospital (permission number
No. 2012091304). Mid-grade sepsis was induced after medium
ligation of the cecum according to the established protocol [6].
Briefly, mice were anesthetized with a combination of ketamine
and xylazine, and a midline abdominal incision was made. The
cecum was mobilized and ligated in the middle of cecum below the
leocecal valve, punctured once using a 21-G needle, and a small
stool sample was squeezed out of the cecum to induce
polymicrobial peritonitis. The abdominal wall was closed in 2
layers. Sham-operated mice underwent the same procedure,
including opening of the peritoneum and exposing the bowel,
but without ligation and needle perforation of the cecum. After
surgery, the mice were resuscitated by subcutaneous injection of
pre-warmed (37°C) normal saline (5 mL per 100 g body weight).
To distinguish between circulating miRNA levels in sepsis and
bacterial infection, a mouse model with bacterial infection but no
progression to sepsis was used. Recombinant-specific gram-
negative pathogens FEscherichia coli (xenl4) and gram-positive
pathogens  Staphylococcus  aureus (xen29) were purchased from
Caliper (Caliper, Princeton, NJ, USA). To induce bacterial
infection in the mice, E. coli or S. aureus suspension (1x10°%/
100 pL of PBS) was injected subcutaneously into the back of the
mice by using a Fr. 25 needle. An additional group of animals was
inoculated with PBS to serve as a negative control. The mice had
ad libitum access to food and water both before and after the
surgery or administration of bacterial injection. The mice were
killed at the indicated time points (4, 8, and 24 h) after the surgery
or administration of bacterial injection, and whole blood was
drawn.
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Bacterial Cultures

Bacteria were obtained from the ascitic fluid from the
abdominal cavity of mice at the indicated times (4, 8, and 24 h)
by using sterile cotton swabs. These swabs were transferred to
1 mL of 0.9% normal saline in a sterile tube to obtain a bacterial
suspension. Then, the suspension was diluted 100-fold by
transferring 0.1 mL to another tube filled with 9.9 mL of 0.9%
saline solution. Further, 10 UL of the final diluted suspension was
moculated in 5% sheep blood agar and Eosin-methylene blue
agar. The plates were incubated at 37°C for 24-48 h; subse-
quently, the different bacterial colonies were counted. Cultured
bacteria were identified on the basis of colony morphology, Gram
staining, and biochemical characteristics by using standard
techniques. The growth of =1x10° colony-forming units
(CFU)/mL was considered clinically significant bacterial coloni-
zation. Bacterial contamination was arbitrarily marked as rare
(=1x10° CFU/mL), light (1x10° to 1x10° CFU/mL), and
moderate (=1x10° CFU/mL).

Collection of Blood Samples and Separation of the
Components

Briefly, the whole blood samples (1 mL per mouse) were
collected into tubes containing anticoagulant at indicated times.
After incubating whole blood at room temperature for 15 min, the
samples were centrifuged at 3,000 xg for 10 min, white blood cells
(WBCs) were slowly removed from the corresponding layers, and
the serum was extracted and stored at —-80°C before processing for
RNA and protein analyses.

Isolation of Exosomes

Serum samples (250 pL) from sham control animals and mice
with CLP for 8 h were thawed on ice and centrifuged at 3000 xg
for 15 min to remove cells and cell debris. Supernatants were
transferred to sterile tubes containing 63 UL of ExoQuick
precipitation solution (System Biosciences, Mountain View, CA,
USA) and mixed. The mixtures were incubated for at least 12 h at
4°C and centrifuged at 1500xg for 30 min at 4°C. The
supernatants and resuspended exosome pellets were removed with
a protein lysis buffer. Further, these vesicles were confirmed as
exosomes through western blot analysis using antibodies against 2
commonly used exosomal markers, the tetraspanin molecule CD9
and tumor susceptibility gene 101 (T'SG101). Proteins were
separated by polyacrylamide gel electrophoresis (PAGE) and
electrotransferred to polyvinylidene fluoride (PVDF) membrane
(Millipore, Billerica, MA, USA). The membranes were blocked
with 5% skim milk in Tween-20/PBS and were probed with rabbit
anti-CD9 (1:1000), rabbit anti-T'SG101 (1:1000), and mouse anti-
B-actin (1:1000) antibodies. Then, the blots were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies
(Santa Cruz, Santa Cruz, CA, USA), and the detected proteins
were quantified using a FluorChem 8900 imaging system (Alpha
Innotech, San Leandro, CA, USA). The intensity of each signal
spot was converted into digital data with autobackground
subtraction during spot density analysis using AlphaEasel'C
software (Alpha Innotech).

Immunoprecipitation and Immunoblotting of Ago2

For each sample, 25 puL of Protein A/G plus agarose (Santa
Cruz) was washed with PBS buffer (pH 7.4) and incubated with
2 ug of rabbit anti-Ago2 (Abcam, MA, USA) or rabbit normal IgG
(Santa Cruz) antibodies for 2 h at 4°C. Beads containing the
immobilized anti-Ago2 antibody were then added to 200 pL of
serum diluted with 200 pL of PBS and incubated 4 h at 4°C
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(immunoprecipitation was performed in detergent-free conditions
to avoid potential lysis of serum vesicles). Beads were washed 3
times with 1% Nonidet P-40 buffer (1% Nonidet P-40, 50 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA), and half of
each sample was eluted with 2x sodium dodecyl sulfate (SDS)
sample buffer and analyzed by SDS/PAGE and immunoblotting
with mouse anti-Ago2 antibody (Santa Cruz, CA, USA) to detect
Ago2. The remaining half of each sample was eluted with 600 uL
of lysis/binding buffer of the mirVana™ miRNA Isolation Kit
(Life Technologies, NY, USA) and processed for RNA isolation.

RNA Isolation and Preparation

Total RNA was extracted from whole blood, serum, WBCs,
exosomes, and exosome-depleted supernatants using the mirVa-
na™ miRNA Isolation Kit (Life Technologies, NY, USA). The
concentration of RNAs purified was by determining the absor-
bance at 260 nm using an SSP-3000 Nanodrop spectrophotom-
eter (Infinigen Biotechnology, Inc., City of Industry, CA, USA),
the purity of the samples was analyzed using Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA). Total RNA
(10 ng) was reverse transcribed to cDNA by using the TagMan
miRNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). Target miRNAs were reverse transcribed using
sequence-specific stem-loop primers, and cDNA was used for
quantitative real-time polymerase chain reaction (QPCR).

miRNA Microarray Analysis

The Mouse & Rat miRNA OneArray® v3 (Phalanx Biotech
Group, Hsinchu, Taiwan), which is based on miRBase Release 17
and which contains 105 experimental control probes, 1111 unique
mouse miRNA probes, and 672 rat miRNA probes, was used for
the CLP experiments. The Mouse & Rat miRNA OneArray® v4,
which is based on miRBase Release 18 and which contains 144
experimental control probes, 1157 unique mouse miRNA probes,
and 680 rat miRNA probes was used for the subcutaneous
bacterial injection experiment. Mouse genome-wide miRNA
microarray analysis and statistical analysis was performed by
Phalanx Biotech. Briefly, fluorescent targets were prepared from
2.5 ug of total RNA by using the miRNA ULS™! Labeling Kit
(Kreatech  Diagnostics, Amsterdam, Netherlands). Labeled
miRNA targets enriched using NanoSep 100K (Pall Corporation,
Port Washington, NY, USA) were hybridized to the Mouse & Rat
miRNA OneArray® v3 in the Phalanx hybridization buffer by
using the OneArray® Hybridization Chamber. After overnight
hybridization at 37°C, non-specifically bound targets were
removed through 3 washing steps (Wash I, 37°C, 5 min; Wash
II, 37°C, 5 min and 25°C, 5 min; and Wash III, rinse 20 times).
The slides were dried by centrifugation and were scanned using an
Axon 4000B scanner (Molecular Devices, Sunnyvale, CA, USA).
The signal intensities of Cy5-fluorescence in each spot were
analyzed using GenePix 4.1 software (Molecular Devices, CA,
USA) and processed using the R language (http://www.r-project.
org/) with the following 2 packages: limma (http://www.
bioconductor.org/packages/release/bioc/html/limma.html) and
genefilter (http://www.bioconductor.org/packages/release/bioc/
html/genefilter.html). We filtered out spots that were flagged <0,
and spots that passed this criteria were normalized using 75%
media-scaling normalization method. Normalized spot intensities
were converted into gene expression logy ratios for the control and
treatment groups. Spots with log, ratios =—1 or =1 and P-value
<0.05 were selected for further analysis. The differentially
expressed miRNAs were subjected to hierarchical cluster analysis,
and average linkage and Pearson correlation were as measures of
similarity. The miRNA array and the microarray data have been
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deposited in Gene Expression Omnibus (accession numbers:
GSE47094 & GSE49189, respectively).

Quantification of miRNA Expression

miRNA expression was quantified using qPCR in an Applied
Biosystems 7500 Real-Time PCR System (Life Technologies) to
confirm the upregulation of expression of miRNA targets that
were detected in the miRNA array from whole blood collected at
the indicated times after CLP (4, 8, and 24 h). The expression level
of each miRNA in whole blood or WBC samples was represented
relative to the expression of U6 small nuclear RNA (U6 snRNA),
which was used as an internal control. For the serum, exosome,
and exosome-depleted supernatants, 25 fmol of single-stranded
cel-miR-39 synthesized by Invitrogen (Carlsbad, CA, USA) was
added to 400 UL of serum as an internal control for expression of
each miRNA. We evaluated the expression levels by calculating
the relative expression values in 6 samples and comparing these
values to that from the control samples; induction was expressed as
fold-change in miRNA expression relative to that in the control.
Analysis of variance (ANOVA) was used for intergroup compar-
isons, and an appropriate post-hoc test was used to compensate for
multiple comparisons (SigmaStat, Jandel,CA, USA). P values
<0.05 were considered significant.

Results

Bacterial Yield from Culture of Ascitic Fluid

Cultures of ascitic fluid of mice subjected to CLP showed mixed
infection with gram-positive, gram-negative, and anaerobic
bacteria (Fig. 1). When bacterial contaminations was assessed as
light or moderate, microorganisms isolated from the ascitic fluid of
mice at 4 h after CLP were identified as Streptococcus species (3/4)
and Prevotella loescheir (4/4), whereas those in the ascitic fluid of
mice at 8 h after CLP were identified as Staphylococcus species (4/4),
Enterococcus faecalis (4/4), E. coli (4/4), and Bacteroides species (3/4).
At 24 h, the organisms isolated from the ascitic fluid cultures were
Staphylococcus species (4/4), E. faecalis (4/4), E. coli (4/4), and Proteus
mirabilis (2/4). The ascitic fluid cultures continued to show mixed
infection with bacterial contamination increasing with time.

Up-regulated miRNA Targets in Microarray Analysis
Compared to the control group, the experimental group showed
more than 2-fold difference in the expression of miRNAs in the
whole blood samples at 4, 8, or 24 h (P<0.05; n=4 for each
subgroup). The hierarchical cluster analysis of all miRNAs
differentially expressed in whole blood after CLP and subcutane-
ous bacterial injection is shown in Fig. 2A and 2B, respectively. In
both experiments, unsupervised hierarchical clustering was used to
separate the samples from experimental subjects or control
subjects into different groups. The miRNA targets that were
significantly up-regulated in the CLP experiment, as shown by the
microarray experiments, are shown in Table 1. The expressions of
2 (miR-16 and miR-17), 6 (miR-20a, miR-16, miR-17, miR-451,
miR-106a, and miR-106b), and 7 miRNAs (miR-26b, miR-20b,
miR-17, miR-20a, miR-106a, miR-26a, and miR-195) increased
significantly in the whole blood of mice at 4, 8, and 24 h after
CLP, respectively. Therefore, 10 miRNAs were deemed as the up-
regulated miRNA targets in the whole blood after CLP, and these
10 were subjected to further validation using qPCR. In addition,
the miRNA targets that were significantly up-regulated in the
microarray analysis in mice subcutaneously injected with gram-
negative E. coli and gram-positive S. aureus are shown in Table 2
and Table 3, respectively. In the microarray analyses, no up-
regulated miRNAs were detected at 4 h after subcutaneous
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Figure 1. Bacterial counts in ascites of mice at 4, 8, and 24 h following cecal ligation and puncture. Bacterial contamination was
arbitrarily marked as rare (=1x10° CFU/mL), light (1x10° to 1x10° CFU/mL), or moderate (=1x10° CFU/mL) and are indicated in green, yellow, and

red, respectively.
doi:10.1371/journal.pone.0077936.g001

injection. At 8 h after exposure injection, the level of 6 miRNAs
(miR-451, miR-122, miR-350, miR-301a, miR-126, and miR-
331) in the whole blood increased significantly. At 24 h after
injection, the levels of 45 miRNAs increased in the whole blood
(Table 2). In addition, after subcutaneous injection of S. aureus, no
up-regulated miRNAs were detected in the whole blood at 4 h and
8 h. At 24 h after S. aureus injection, the levels of 7 miRNAs (miR-
133b, miR-133a, miR-122, miR-205, miR-1899, miR-714, and
miR-291b) increased significantly (Table 3). These results show
that 8 miRNAs (miR-16, miR-17, miR-20a, miR-26a, miR-26b,
miR-106a, miR-106b, and miR-451) were up-regulated after both
CLP and subcutaneous injection of E. coli. Two miRNAs (miR-
20b and miR-195) were only significantly expressed in the CLP
model, but were not expressed after injection of L. col.
Furthermore, in the mice injected with S. aureus, no up-regulated
miRNA targets common to both CLP experiment group and the
S. aureus-infected group. The common and specific up-regulated
miRNAs in the CLP and bacterial infection groups are shown
Venn diagram in Figure 3.

Expression Profiles of miRNAs

The expression of the selected miRNA targets in the whole
blood, serum, and WBCs was quantified by qPCR to verify
upregulation that was detected in the whole blood samples of
CLP-treated mice using miRNA microarray. Significantly in-
creased expression (5- to 10-fold) was observed for all 10 up-
regulated miRINA targets throughout the experiment (Fig. 4A). In
the serum, all 10 up-regulated miRNA targets showed time-
dependent increase after CLP. Significant expression of these 10
miRNA targets was detected at 8 and 24 h after CLP, and 6
targets (miR-16, miR-17, miR-20a, miR-20b, miR-26b, miR-
106a) showed remarkable upregulation of up to 50- and even 100-
fold at 24 h (Fig. 4B). In contrast, in WBCs, no significant increase
of the 10 miRNA targets was observed after CLP (Fig. 4C).

The level of these 10 up-regulated miRNA targets did not
decrease significantly in the serum of 72~ /~, Tir4~’~, and NF-
xB~’" mice at 8 h after CLP, which implied that the transcription
of these 10 miRNAs was not directly mediated by the TLR2/NF-
kB or TLR4/NF-kB pathways, which are induced by exposure to
the gram-positive or gram-negative bacteria (Fig. 4D). Moreover,
compared to CLP-treated wild-type mice, 742~ '~ mice with CLP
showed significantly increased serum miR-16 and miR-195 levels.

miRNA Levels in Exosomes

Presence of exosomes in the pellets obtained after ultracentri-
fugation was confirmed by western blot analysis using antibodies
against 2 exosomal membrane markers, the tetraspanin molecule
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CD9 and TSG101. Western blot showed strong staining of the
ExoQuick-captured pellet with the exosomal membrane markers
anti-CD9 and ant-TSG101 (Fig. 5A). The exosomes showed
marked expression of 6 (miR-16, miR-17, miR-20a, miR-20b,
miR-26a, and miR-26b) of the 10 miRNA targets at 8 h after
CLP; the expression of the remaining 4 miRNA targets (miR-
106a, miR-106b, miR-195, and miR-451) increased; however, the
increase was not significant (Fig. 5B).

miRNA Expression in Ago2 Complexes

Presence of Ago2 proteins in the serum was determined by
immunoprecipitation followed by immunoblotting with antibodies
against Ago2 protein (Fig. 6A). Immunoprecipitation against Ago2
in the presence of IgG decreased the Ago2 immunoprecipitates. In
addition, the absence of Ago2 in the negative control IgG
immunoprecipitates showed that Ago2 was specifically precipitat-
ed from the serum. Without immunoprecipitation, Ago2 levels in
serum were below the limit of detection by immunoblotting. To
determine whether circulating miRNAs are associated with Ago2,
the Ago2 immunoprecipitates were assayed for the 10 up-
regulated miRNA targets, and the results revealed that the
expression of all the 10 miRNA targets was significantly up-
regulated in the serum at 8 h following CLP (Fig. 6B). Among
these miRINAs, the levels of miR-195 and miR-451 detected in the
Ago2 immunoprecipitates were more than 20-fold that in the
controls and the levels of miR-16, miR-20a, miR-26a, and miR-
106b were more than 10-fold that in the control.

Discussion

In this study, we demonstrated that experimental sepsis induced
by CLP caused time-dependent upregulation of the circulating
miRNAs miR-16, miR-17, miR-20a, miR-20b, miR-26a, miR-
26b, miR-106a, miR-106b, miR-195, and miR-451. The up-
regulated miRNAs were detected in the serum but not in the blood
cellular components such as WBCs. In addition, all the up-
regulated miRNAs were present in a non—-membrane-bound form
consistent with Ago2 ribonucleoprotein complexes, and some
these miRNAs were associated with exosomes in the serum.
Recent studies suggested that 90% of the serum miRNAs are
bound to protein complexes such as Ago2, RNA-binding protein
nucleophosmin 1 (NPM1), and HDL [24]. Ago2 binds miRNAs
with high affinity (Kd=10-80 nM for tagged mammalian Ago2
binding to mature miRNAs) [25,26], and association of Ago2 with
serum miRNAs can therefore greatly influence miRNA stability in
the serum. Because the efficiency of Ago2 immunoprecipitation
and exosome capture with ExoQuick is likely less than 100%, the
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Figure 2. Hierarchical cluster analysis. Clustering of differentially expressed circulating microRNAs in the whole blood of C567BL/6 mice at 4, 8,
and 24 h after cecal ligation and puncture (A) and subcutaneous bacteria injection with 1x10% E. coli. or S. aureus (B).

doi:10.1371/journal.pone.0077936.9g002

estimated levels may not account for the Ago2- and exosome-
associated miRNAs in the serum. In fact, Arroyo et al. [21]
estimated that efficiency of Ago2 immunoprecipitation from cell
lysates was, at most, 60% and demonstrated that some amounts of
the assayed miRNA remained in the supernatant following
immunoprecipitation with Ago2, although miRNAs were consis-
tently detected in complexes with Ago2. Therefore, our results
strongly support the observation that circulating Ago2/miRNA
complexes serve as carriers of miRNAs in serum.

PLOS ONE | www.plosone.org

Although increases in circulating miRNAs originating from
LPS-stimulated monocytes and monocyte-derived dendritic cells
during sepsis have been reported [27,28], the origins of circulating
miRNAs after CLP have not been identified. In this study, we
found that none of the up-regulated miRINAs was expressed in the
WBCs. Previously, we had demonstrated a dose- and time-
dependent up-regulation of 8 (let-7d, miR-15b, miR-16, miR-25,
miR-92a, miR-103, miR-107, and miR-451) and 4 (miR-451,
miR-668, miR-1902, and miR-1904) circulating miRNA targets in
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Figure 3. Up-regulated microRNA targets. Venn diagram showing the common and specific up-regulated miRNAs in the cecal ligation and
puncture experiment without and after subcutaneous injection of gram-negative or gram-positive bacteria.
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mice following injection of LPS [11] and LTA [12], respectively.
However, in the CLP-based model of sepsis, only miR-16 was up-
regulated. In addition, the level of none of the 10 miRNA targets
was significantly lower in the sera of CLP-treated T02™ ', Tird ™’
~, and NF-kB~’~ mice compared to that in wild-type mice,
indicating that the transcription of these miRNAs is not directly
mediated by the TLR2/NF-kB or TLR4/NF-kB pathways, which
are triggered by direct exposure to gram-positive or gram-negative

(P-value <0.05).

bacteria. In this study, the mice with CLP experienced bacterial
infection first and then septicemia, therefore, the results clearly
showed that 8 miRNA targets (miR-16, miR-17, miR-20a, miR-
26a, miR-26b, miR-106a, miR-106b, and miR-451) were up-
regulated in both the CLP alone group and the . coli infection
group. Furthermore, up-regulated miRNA target was common to
both the CLP group and the S. aureus infection group. This result
also highlights the dominant role of gram-negative bacteria in the

Table 1. microRNA targets up-regulated more than 2-fold in whole blood of mice at 4, 8 and 24 h after cecal ligation and puncture

CLP 4 h Fold (log,) p-value CLP 8 h Fold (log,) p-value CLP 24 h Fold (log,) p-value
mmu-miR-16 1.33 0.021 mmu-miR-20a 1.10 0.033 mmu-miR-26b 1.17 0.028
mmu-miR-17 1.68 0.041 mmu-miR-16 1.13 0.033 mmu-miR-20b 1.35 0.003
mmu-miR-17 1.25 0.025 mmu-miR-17 138 0.015
mmu-miR-451 135 0.034 mmu-miR-20a 142 0.006
mmu-miR-106a 1.39 0.038 mmu-miR-106a 1.54 0.036
mmu-miR-106b 1.73 0.034 mmu-miR-26a 1.56 0.049
mmu-miR-195 245 0.017

ligation and puncture.
doi:10.1371/journal.pone.0077936.t001
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Table 2. microRNA targets up-regulated more than 2-fold in whole blood of mice at 4, 8 and 24 h after subcutaneous injection of
1x108 cells of Escherichia coli (P-value <0.05).
Fold Fold
4 h (logs) p-value 8 h Fold (log,) p-value 24 h (logy) p-value
Nil mmu-miR-451 1.521 0.014 mmu-miR-16 3.703 0.001
mmu-miR-122 1.117 0.003 mmu-miR-26a 3.532 0.005
mmu-miR-350 1.105 0.014 mmu-miR-20a 2.832 0.011
mmu-miR-301a 1.038 0.050 mmu-let-7i 2.759 0.003
mmu-miR-126 1.028 0.046 mmu-miR-21 2.692 0.007
mmu-miR-331 1.017 0.031 mmu-miR-374 2.666 0.021
mmu-miR-17 2471 0.002
mmu-miR-30b 2425 0.007
mmu-miR-26b 2312 0.019
mmu-miR-350 2.126 0.008
mmu-miR-106a 2.105 0.027
mmu-let-7d 2.096 0.004
mmu-miR-106b 2.093 0.009
mmu-miR-30c 1.991 0.002
mmu-let-7a 1.933 0.033
mmu-miR-331 1.931 0.005
mmu-miR-103 1.872 0.007
mmu-miR-194 1.842 0.004
mmu-miR-107 1.834 0.010
mmu-miR-223 1.770 0.000
mmu-miR-140 1.738 0.002
mmu-miR-30e 1.705 0.021
mmu-miR-421 1.636 0.001
mmu-miR-15a 1.627 0.005
mmu-miR-30a 1.569 0.003
mmu-miR-19b 1.530 0.028
mmu-let-7c 1.517 0.017
mmu-miR-148b 1.455 0.014
mmu-let-7b 1.388 0.008
mmu-miR-27b 1.274 0.002
mmu-miR-148a 1.270 0.002
mmu-miR-192 1.231 0.001
mmu-miR-140 1.196 0.008
mmu-miR-345 1.193 0.020
mmu-miR-700 1.185 0.025
mmu-miR-30d 1.175 0.026
mmu-miR-144 1.147 0.009
mmu-miR-7a-1 1.131 0.004
mmu-miR-15b 1.063 0.006
mmu-miR-451 1.063 0.028
mmu-miR-7a 1.046 0.000
mmu-miR-497 1.044 0.002
mmu-miR-744 1.011 0.000
mmu-miR-200c 1.006 0.001
mmu-miR-18a 1.004 0.032
mmu-miR-10a 1.004 0.008
doi:10.1371/journal.pone.0077936.t002
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Table 3. microRNA targets up-regulated more than 2-fold in whole blood of mice at 4, 8 and 24 h after subcutaneous injection of

4 h Fold (log,) p-value 8h Fold (log,) p-value 24 h Fold (log,) p-value

Nil Nil mmu-miR-133b 1.632 0.009
mmu-miR-133a 1333 0.011
mmu-miR-122 1.278 0.049
mmu-miR-205 1.185 0.029
mmu-miR-1899 1.105 0.008
mmu-miR-714 1.088 0.007
mmu-miR-291b 1.040 0.002

doi:10.1371/journal.pone.0077936.t003

expression of circulating miRNAs during the progress of bacterial
infection to sepsis in the CLP model. In this study, 2 miRNAs
(miR-20b and miR-195) were significantly expressed in the CLP
model, but not after exposure to E. coli. The expression of these 2
miRNAs might be related to the sepsis-related pathophysiological
responses, but not to exposure to gram-negative bacteria.
Pathophysiological responses related to sepsis such as inflamma-
tion, shock, or even ileus in the CLP model might also contribute
to the upregulation in the expression of circulating miRNAs;
however, these hypotheses require further investigation. Further
investigation of different downstream adaptors such as Myd88,
Trif, Rip2, and ASC using knockout mice might be beneficial for
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elucidating the function of innate immunity in the upregulation of
these circulating miRNAs.

Circulating miR-15a and miR-16 [29,30], miR-150 [31], miR-
146a, and miR-223 [32] have been identified as potential
biomarkers of sepsis. Serum levels of both miR-15a and miR-16
were significantly higher in patients with sepsis that in healthy
individuals [29] or cirrhotic patients [30], and the levels of these
miRNAs were significantly elevated in patients with systemic
inflammatory response syndrome (SIRS) [29]. Expression of
circulating miR-16 was up-regulated ~5-fold following LPS
treatment [11] and ~70-fold at 24 h following CLP treatment,
as demonstrated in this study. On the other hand, the levels of
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Figure 4. Quantification of up-regulated microRNA targets detected using an miRNA array by quantitative real-time polymerase
chain reaction at 4, 8, and 24 h after cecal ligation and puncture. (A) whole blood; (B) sera; (C) WBCs; (D) sera of TIr2 ™/, Tlr4 ™/, and NF-xkB ™~/
~, and wild-type mice 8 h after CLP. Bars represent means = SEM of 6 experiments; *, P<<0.05 vs. control.

doi:10.1371/journal.pone.0077936.g004
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Figure 5. Expression of the up-regulated microRNA targets in
the exosomes. (A) Western blot analysis of the ExoQuick-captured
pellets with antibodies against exosomal markers CD9 and TSG101. Sup:
supernatant; Exo: exosomes from the ExoQuick-captured pellet. (B) Up-
regulated microRNA targets quantified by quantitative real-time
polymerase chain reaction in exosomes of C57BL/6 mice at 8 h after
cecal ligation and puncture. Bars represent means = SEM of 6
experiments; *, P<<0.05 vs. control.
doi:10.1371/journal.pone.0077936.9g005

some of the identified miRNAs (miR-150, miR-146a, and miR-
223) were significantly reduced in sepsis patients. miR-150 levels
were shown to be significantly down-regulated in sepsis, which
correlated with disease severity [31]. Similarly, miR-150 concen-
trations in the serum of ICU patients upon admission closely
correlated with their immediate and long-term survival rates, and
low miR-150 levels was indicative of unfavorable prognosis [33].
In addition, the miR-146a and miR-223 expression levels were
significantly lower in the sera of sepsis patients than in the sera of
SIRS patients and normal controls [32]. However, considering
transcriptional regulation of miRNA expression in response to
physiological or pathological changes, the up-regulated miRNA
targets seem better suited for use as biomarkers.

In this study, synthetic Caenorhabditis elegans miRNAs were used
as endogenous controls for qPCR. Although in some previous
studies miR-16 and miR-142 showed relatively stable expression in
the serum, owing to which these were used as endogenous controls
[34,35], studies have also shown that miR-16 and miR-451
expressed in red blood cells were the major source of variation in
the estimated levels of circulating miR-16 and miR-451 [36]. In
addition, miR-16 expression is up-regulated following LPS
treatment [11], and it was shown to be up-regulated following
CLP in this study, which precludes the use of miR-16 as internal
control.
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Figure 6. Expression of the up-regulated microRNA targets in
the Ago2 ribonucleoprotein complex. (A) Immunoprecipitation
and immunoblotting with antibodies against Ago2 with or without IgG
competition; (B) Up-regulation of microRNA targets associated with
Ago2 complexes in the serum of C57BL/6 mice at 8 h after cecal ligation
and puncture quantified by quantitative real-time polymerase chain
reaction. Bars represent means+ SEM of 6 experiments; *, P<<0.05 vs.
control.

doi:10.1371/journal.pone.0077936.g006

Currently, little is known about the biological roles of these
molecules [37]. Among the circulating miRNAs that are up-
regulated following CLP, miR-16 has been suggested to regulate
pro-apoptotic pathways in circulating lymphocytes of patients with
bacterial infections [30]. miR-17 and miR-20a belong to a group
of commonly overexpressed miRNAs, the miR-17~92 cluster,
which is located on mouse chromosome 14 (13 in humans) and
comprises 7 mature miRINAs (miR-17-5p and, miR-18a, miR-19a
and b, miR-20a, and miR-92a). This cluster is directly
transactivated by c-Myc, a transcription factor initially linked to
tumorigenesis [38], which has made the miR-17~92 cluster the
focus of attention in higher vertebrate research. However, this
cluster is also involved in the regulation of hematopoiesis and
immune functions [39], and it appears as a global regulator of the
apoptosis signal-regulating kinase 1 (ASK1) signalosome, a central
effector in the inflammatory pathways [40]. Numerous compo-
nents of the “extended” ASKI signalosome are potentially
targeted by miRNAs encoded by the miR-17~92 cluster [40].
By targeting Askl mRNA, miR-20 effectively controls the
production of inflammatory cytokines by fibroblast-like synovio-
cytes in response to stimulation by a TLR4 ligand LPS [41].

The circulating miRNA targets that were up-regulated follow-
ing CLP belong not only to the miR-17~92 cluster but also to its
evolutionary paralogs, miR-106a~363 (miR-106a, miR-18b,
miR-20b, miR-19b-2, miR-92a-2, and miR-363) and miR-
106b~93 (miR-106b, miR-93, miR-25). miR-17, miR-20a, and
miR-106a all specifically bind to the same seed sequence within
the 3'-untranslated region (UTR) of signal-regulatory protein o
(SIRPar), an essential signaling molecule that modulates leukocyte-
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mediated inflammatory responses and are inversely correlated
with SIRPo expression in various cells [42]. Both in vitro and
in vivo assays demonstrate that miR-17, miR-20a, and miR-106a
regulate macrophage infiltration, phagocytosis, and proinflamma-
tory cytokine secretion by targeting SIRPa [42]. Gain- and loss-of-
function studies showed that miR-26a/b directly suppressed the
expression of CDK6 and cyclin E1 and blocked G1/S-phase
progression [43]. miR-26a may directly regulate the production of
IFN-B in human cells [44], which is one of the first steps in the
innate immune response to viral infections. Respiratory syncytial
virus infection of human alveolar epithelial (A549) cells induced
the expression of host miRNAs, including miR-26b, which
affected the antiviral response of the host [45]. miR-195 has a
complementary site in the 3’-UTR of a membrane water channel
protein Aquaporin 8 (AQP8), thereby modulating AQP8 expres-
sion [46]. AQP8 expression decreased in the colon of patients with
ulcerative colitis [46], and this reduction appears to correlate with
disease activation in patients with diarrhea-predominant irritable
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suppressive effects by decreasing the expression of multiple NF-
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[48]. Finally, miR-451 has been reported as a promising
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Although some functions of the circulating miRNAs up-
regulated by CLP have been discussed above, further studies are
required to clarify the pathophysiological role of each circulating
miRNA in sepsis before considering these miRNAs as biomarkers
for sepsis.
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