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Next-generation sequencing predicts interaction network
between miRNA and target genes in lipoteichoic
acid-stimulated human neutrophils
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Abstract. Toll-like receptors (TLRs), which are a class of
pattern-recognition receptors, can sense specific molecules of
pathogens and then activate immune cells, such as neutrophils.
The regulation of TLR signaling in immune cells has been
investigated by various studies. However, the interaction of
TLR signaling-activated microRNAs (miRNAs) and genes
has not been well investigated in a specific type of immune
cells. In the present study, neutrophils were isolated from
peripheral blood of a healthy donor, and then treated for 16 h
with Staphylococcus aureus lipoteichoic acid (LTA), which
is an agonist of TLR2. The miRNA and mRNA expression
profiles were analyzed via next-generation sequencing and
bioinformatics approaches. A total of 290 differentially
expressed genes between LTA-treated and vehicle-treated
neutrophils were identified. Gene ontology analysis revealed
that various biological processes and pathways, including
inflammatory responses, defense response, positive regulation
of cell migration, motility, and locomotion, and cell surface
receptor signaling pathway, were significantly enriched. In
addition, 38 differentially expressed miRNAs were identified
and predicted to be involved in regulating signal transduc-
tion and cell communication. The interaction of 4 miRNAs
(hsa-miR-34a-5p, hsa-miR-34c-5p, hsa-miR-708-5p, and
hsa-miR-1271-5p) and 5 genes (MET, CACNB3, TNS3,
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TTYH3, and HBEGF) was proposed to participate in the
LTA-induced signaling network. The present findings may
provide novel information for understanding the detailed
expression profiles and potential networks between miRNAs
and their target genes in LTA-stimulated healthy neutrophils.

Introduction

The innate immune system can detect the presence of patho-
gens, such as viruses and bacteria, and activate immune
responses to eliminate the infections. These pathogens can
be recognized by pattern-recognition receptors (PRRs) and
trigger activation of innate immunity (1,2). The family of
Toll-like receptors (TLRs) is a class of PRRs in mammals (3).
TLR4 is an important receptor recognizing lipopolysaccha-
ride (LPS), which is a component of the outer membrane of
Gram-negative bacteria (4,5). By contrast, the wall compo-
nents of Gram-positive bacteria, such as peptidoglycan (PGN)
and lipoteichoic acid (LTA), are recognized by TLR2 (6-8).
PGN and LTA can induce septic shock and multiple organ
failure (9).

TLR2 expression can be detected in various types of
human immune cells, including monocytes, macrophages,
dendritic cells and polymorphonuclear leukocytes (also
termed granulocytes and include neutrophils, basophils and
eosinophils) (10). In peripheral blood, neutrophils are the
most abundant type of granulocytes and the first r immune
cells to respond to infections. When human neutrophils are
exposed to LTA, cell migration, degranulation, secretion of
pro-inflammatory factors [including interleukin (IL)-8, tumor
necrosis factor-o (TNF-a) and granulocyte colony-stimulating
factor (G-CSF)], increased production of reactive oxygen
species (ROS) and antimicrobial activity, and activation of
TLR2 and NF-kB-mediated signaling pathways have been
reported (11-14).

MicroRNA (miRNA) is a group of small non-coding
RNAs with ~22 nucleotides. Emerging evidence suggests that
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miRNAs are involved in regulation of gene expression and
immune responses (15,16). For example, miR-155, miR-146a,
miR-UL112-3p and miR-344b-1-3p have been demonstrated to
interact with TLR2 in pathological conditions (17-21). However,
the interaction of miRNA and LTA-mediated immune activa-
tion has not been extensively investigated in a specific type
of immune cells. Thus, the present study aimed to investigate
the expression mRNA and miRNA in Staphylococcus aureus
LTA-stimulated human neutrophils via next-generation
sequencing. To understand the LTA-mediated effect in healthy
immune cells, neutrophils were obtained from the peripheral
blood of a healthy donor.

Materials and methods

Neutrophil isolation and LTA treatment. The present
study was approved by the Institutional Review Board
of Kaohsiung Medical University Hospital (IRB
no. KMUH-IRB-20120287). A total of 10 ml venous
blood was obtained from a healthy donor. The participant
agreed to the use of their sample in research and signed
informed consent during the period Jan 2013 to Jan 2014.
Human neutrophils were separated from whole blood using
CD66abce microbeads (Miltenyi Biotec GbmH), according
to manufacturer's instruction. Subsequently, 3x107 isolated
neutrophils were cultured in RPMI1640 medium containing
10% fetal bovine serum, 100 U/ml penicillin G, 100 pg/ml
streptomycin and 0.25 gg/ml amphotericin B (Thermo Fisher
Scientific, Inc.), and 1 pg/ml of LTA (from S. aureus; LTA
group; cat. no. L2515; Sigma-Aldrich; Merck KgaA) or double
distilled water (vehicle group) in 5% CO, air atmosphere at
37°C for 16 h. Neutrophils were collected for RNA isola-
tion. The purity of isolated CD66abce* cells was evaluated
via flow cytometry. Cells were stained with Alexa Fluor
647-conjugated anti-human CD66b (1:20; cat. no. 561645;
BD Pharmingen), according to manufacturer's instructions.
The cells were then washed and analyzed using a BD Accuri
C6 flow cytometer with BD Accuri C6 software version
1.0.264.21 (BD Biosciences).

RNA isolation. Total RNA was extracted using TRIzol® reagent
(Thermo Fisher Scientific, Inc.) according to the supplier's
protocol. Purified RNA was quantified using a ND-1000
spectrophotometer (NanoDrop Technologies; Thermo Fisher
Scientific, Inc.) and the quality was confirmed using an
Agilent 2100 Bioanalyzer and an RNA 6000 Pico LabChip
RNA (Agilent Technologies, Inc.). The RNA integrity number
(RIN) resulting from the Agilent Bioanalyzer was 8.3 for the
LTA-stimulated cells and 7.6 for the vehicle-stimulated cells.
The quality report is shown in Fig. SI1.

Library preparation, sequencing, alignment and differential
expression analysis. Sequencing for mRNA and miRNA
was commercially performed by Welgene Biotech Co., Ltd.
All RNA sample preparation procedures were carried out
according to the official Illumina protocol (Illumina, Inc.).
For mRNA sequencing, Agilent's SureSelect Strand-Specific
RNA Library Preparation kit (Agilent Technologies, Inc.) was
used for library construction, followed by AMPure XP Beads
(Agilent Technologies, Inc.) size selection. The sequence was
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directly determined via Illumina's sequencing-by-synthesis
technology. Sequencing data were generated by Welgene's
pipeline based on Illumina's base-calling program bcl2fastq
v2.2.0. For miRNA sequencing, samples were prepared
using the TruSeq™ miRNA Library kit (Illumina, Inc.),
following the supplier's guide. Libraries were sequenced on
an [llumina instrument (75-cycle single-end read; 75SE) and
miRNA sequencing data was processed using the Illumina
software BCL2FASTQ v2.20. Sequence Quality Trimming,
performed by Trimmomatic version 0.36 (22). HISAT2 was
used for mRNA alignment (23) and miRDeep2 was used for
miRNA alignment (24). The expression levels were normal-
ized by calculating fragments per kilobase of transcript
per million mapped reads (FPKM). Differential expression
analysis was performed via Cuffdiff (Cufflinks 2.2.1) (25).
P-value was calculated by Cuffdiff with non-grouped sample
using the ‘blind’ method, in which all samples are treated as
replicates of a single global ‘condition’ and used to build one
model (25).

Reverse transcription-quantitative PCR (RT-qPCR). Isolated
cells (5x10°) were seeded into several wells of a 24-well plate
and treated with vehicle or 1 yg/ml LTA for 16 h. Total RNA
was isolated using TRIzol reagent (Thermo Fisher Scientific,
Inc.). Equal amount of total RNA was reverse transcribed via
the PrimeScript RT reagent kit (Clontech Laboratories, Inc.).
gPCR was performed with SYBR-Green Master Mix (Applied
Biosystems; Thermo Fisher Scientific, Inc.) on a Real-Time
PCR system (QuantStudio 3D Digital PCR System; Thermo
Fisher Scientific, Inc.). The thermocycling conditions were:
20 sec at 95°C, followed by 40 amplification cycles of 95°C for
3 sec and 60°C for 30 sec. The primers were as follows: Human
chemokine (C-C motif) ligand (CCL) 2, forward 5-TCTGTG
CCTGCTGCTCATAG-3' and reverse 5"TGGAATCCTGAA
CCCACTTC-3"; human CCL7, forward 5'-ACCACCAGTAGC
CACTGTCC-3' and reverse 5-TTGGGTTTTCTTGTCCAG
GT-3"; human C-X-C motif chemokine ligand 5 (CXCL5),
forward 5'-TGTTTACAGACCACGCAAGG-3' and reverse
5-GGGGCTTCTGGATCAAGAC-3'; and human GAPDH,
forward 5'-GAGTCAACGGATTTGGTCGT-3' and reverse
S“TTGATTTTGGAGGGATCTCG-3'. The relative mRNA
expression levels were normalized to the GAPDH expression
and calculated using the 2-4°4 method (26).

Gene ontology (GO) analysis of genes and miRNAs. The
criteria of differential mRNA expression were set at fold
change =2.0, FPKM >0.8 and P-value <0.05. For determining
the function of LTA-affected genes, the biological process
of GO (GOTERM_BP_ALL) analysis and Kyoto ency-
clopedia of genes and genomes (KEGG) pathway analysis
were performed via DAVID Bioinformatics Resources 6.8
(https://david.ncifcrf.gov/home.jsp) (27,28). In addition,
gene set enrichment analysis (GSEA; http://www.broad.mit.
edu/gsea/) (29,30) was performed using the GO biological
processes database c¢5.bp.v6.2. The criteria of differential
miRNA expression were set at fold change =2.0 and reads per
million (RPM) >1. GO analysis of miRNA was performed
via the GSEA method of miRNA Enrichment Analysis and
Annotation Tool (miEAA; https://ccb-compute2.cs.uni-saar-
land.de/mieaa_tool/) (31).
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Figure 1. Distribution of mRNA expression in LTA and vehicle-stimulated neutrophils. (A) Purity of enriched human CD66abce” cells. Upper panel and lower
panel reveal the total cell population (left) and the CD66b expression (right) before and after CD66abce enrichment, respectively. (B) Density plot of the distribu-
tions of FPKM scores across the two samples. (C) Volcano plot (log, fold-change vs. log,, P-value) of upregulated and downregulated genes shows the differential
mRNA distribution for the sample pair. The dash line indicated the criteria of significant genes. (D) Reverse transcription-qPCR analysis of the CCL2, CCL7
and CXCL5 mRNA expression levels. Data are presented as the mean + standard deviation. Three replicates were performed. "P<0.05 and “'P<0.01 vs. vehicle
group. LTA, lipoteichoic acid; FPKM, fragments per kilobase of transcript per million; FSC, forward scatter; SSC, side scatter; Veh, vehicle.

Interaction between miRNA and mRNA. To predict
the miRNA-targeted mRNAs, the Funrich software
version 3.1.3 (32) and miRDB 6.0 (miRNAs with Target
Score >90 were selected) were used (33). The miRNA target
genes were determined using two databases: TargetScan 7.2
(http://www.targetscan.org/vert_72/) (34) and miRTarBase
7.0 (http://mirtarbase.mbc.nctu.edu.tw/php/index.php) (35).
The network was drawn by using stringApp 1.4.1 plugin in
Cytoscape software 3.7.1 (36,37).

Statistical analysis. The Venn diagram was drawn via the
website http://bioinformatics.psb.ugent.be/webtools/Venn/,
accessed on 22 January 2019. The statistical analysis associ-
ated with the Venn diagram was performed via the website
http://nemates.org/M A/progs/overlap_stats.html. The number
of genes in the genome was set to 1,917 miRNAs according to

the latest information of miRBase. For GSEA, P-values <0.01
and false discovery rate (FDR) <25% were considered signifi-
cant. For GSEA of miRNAs P-values <0.05 were considered
significant. All other graphs were produced in GraphPad
Prism 8 software (GraphPad Software, Inc.). The Student's
t-test was used for analysis of differences between the vehicle
and LTA-treated groups, using GraphPad Prism 8. P<0.05 was
considered to indicate a statistically significant difference.

Results

Distribution of mRNA expression in human neutrophils
following LTA stimulation. Previous publications have
reported that stimulation with 0.1-10 ug/ml of S. aureus LTA
induced the release of cytokines, such as IL-8 and TNF-a,
in human monocytes within 1-6 h (38,39). In addition, the
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Table I. GO analysis for biological processes via DAVID gene functional classification tool.
GO ID GO term Enrichment P-value FDR
G0:0030335 Positive regulation of cell migration 6237193 6.81x10" 1.29x10°"
GO0:0051272 Positive regulation of cellular component movement 6.020298 7.20x10°" 1.36x10°"
GO0:2000147 Positive regulation of cell motility 6.023695 2.17x108 4.11x10"
G0:0030334 Regulation of cell migration 4543111 2.72x108 5.16x10°"
G0:0040017 Positive regulation of locomotion 5.838131 6.11x10°® 1.16x10
G0:2000145 Regulation of cell motility 4316392 8.70x10'® 1.65x10™
GO0:0006954 Inflammatory response 4.580108 2.92x10°" 5.54x10"
GO0:0040012 Regulation of locomotion 4.136543 4.70x10"7 8.90x10"
G0:0006952 Defense response 2.989709 4.85x10" 9.19x10"
G0:0051270 Regulation of cellular component movement 4.042019 5.25x107" 9.93x10"
GO0:0016477 Cell migration 3.285506 3.73x101¢ 6.33x1013
G0:0070887 Cellular response to chemical stimulus 2301508 9.52x10°'¢ 1.89x10"2
GO0:0006950 Response to stress 2.010083 2.23x10°"3 4.21x10"2
GO0:0009605 Response to external stimulus 2.502035 4.33x10°1° 8.19x10"2
GO:0051674 Localization of cell 3.022336 4.56x1013 8.62x1012
G0:0048870 Cell motility 3.022336 4.56x10°"° 8.62x10"
G0:0007166 Cell surface receptor signaling pathway 2234817 1.38x10* 2.61x10""
G0:0032879 Regulation of localization 2.280856 3.45x10 6.54x10!"
GO0:0010033 Response to organic substance 2.159601 4.98x101* 9.42x10"
GO0:0048583 Regulation of response to stimulus 1.961424 6.01x10* 1.14x101°

GO, Gene Ontology; FDR, false discovery rate.

gene expression profile of the human monocyte cell line
THP-1 following stimulation with 25 pg/ml LTA for 6 h was
detected via microarray analysis (40). The results indicated
that genes involved in inflammatory responses, cell adhe-
sion, cytokines and chemokines were upregulated following
S. aureus LTA stimulation (40). In the present study, to inves-
tigate the mRNA and miRNA expression changes in human
neutrophils, human CD66abce* cells were enriched from
peripheral blood obtained from a healthy donor. In periph-
eral blood, the majority of the enriched CD66abce* cells are
considered neutrophils (41,42). The purity of the CD66acbe*
cells following enrichment was >98%, as evidenced by flow
cytometry analysis (Fig. 1A). Because 1 yg/ml of LTA stimu-
lation has been shown to be sufficient to activate signaling
downstream of TLR2 in immune cells (43), and the gene
expression profile of LTA-stimulated neutrophils has not
been investigated, the isolated human CD66abce* cells were
stimulated with 1 yg/ml LTA from S. aureus (LTA group)
or vehicle control (ddH20; Veh group) for 16 h and then the
total RNA was extracted. Quality assessment of the RNA
sequencing analysis is shown in Figs. S2 and S3, reporting
high scores in per-base sequence quality and per-sequence
quality in both groups. The mapped reads for both RNA and
small RNA sequencing are listed in Table SI. The expression
was normalized in FPKM mapped reads. The distribution
of the FPKM values of the two samples was presented in a
density plot (Fig. 1B). The results suggested that the FPKM
distribution was similar in the two samples. To further
investigate the differential gene expression in response to

LTA stimulation, the distribution of differentially expressed
genes between the two samples was plotted in a volcano plot
(Fig. 1C). Genes with fold change =2.0 (log, fold change >1
or <-1), FPKM >0.8 and P-value <0.05 (-log,, P-value >1.3)
were considered as significant. According to these criteria,
290 significant differentially expressed genes were selected
for subsequent analysis (the full gene list is presented in
Table SII). Furthermore, the mRNA expression changes
of CCL2, CCL7 and CXCL5 were validated by RT-qPCR
(Fig. 1D), confirming that these genes were demonstrate to
be significantly upregulated following LTA stimulation by
both the RT-qPCR and the RNA sequencing analyses.

Evaluating the function of LTA-affected genes. Previous
studies have suggested that LTA stimulation results in induc-
tion of inflammatory cytokines and chemokines, cell migration
and antimicrobial responses in immune cells. To further
investigate the function of the differential gene expression
in response to LTA stimulation, the 290 selected genes were
subjected to GO analysis for biological processes and KEGG
pathway analysis via the DAVID gene functional classification
tool. Results with P-values <0.001 and FDR <25% were consid-
ered as significantly enriched biological processes and KEGG
pathways. The results revealed that >200 biological processes
and 4 KEGG pathways were enriched. The gene list in each
enriched biological process and KEGG pathway is present
in Tables SIIT and SIV. The top 20 most significant enriched
biological processes are presented in Table I. These biological
processes, including positive regulation of cell migration and
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Table II. Kyoto encyclopedia of genes and genomes pathway analysis via DAVID gene functional classification tool.

Path ID Path name Enrichment P-value FDR
hsa04060 Cytokine-cytokine receptor interaction 42657 2.88x10°8 3.62x10°
hsa05205 Proteoglycans in cancer 3.5337 7.46x10° 0.0938
hsa04015 Rapl signaling pathway 3.3655 1.26x10* 0.1585
hsa04062 Chemokine signaling pathway 3.5464 1.38x10* 0.1738

FDR, false discovery rate.
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Figure 2. Gene ontology analysis for biological processes via Gene Set Enrichment Analysis. (A) Histograms of selected top enriched signatures. (B) FDR
values of the top ten significantly enriched-biological processes. FDR, false discovery rate.

motility, positive regulation of cellular component move- inflammatory responses and cell surface receptor signaling
ment, response to external stimulus, defense responses, pathway, were similar with the LTA-induced responses of
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neutrophils in previous studies (11-14). The results of KEGG
pathway analysis are presented Table II.

The functions of the 290 genes were also analyzed by
GSEA. The results revealed that 53 gene sets were significant
at FDR <25% and 16 gene sets were significant at nominal
P-value <1%. According to the FDR value, the top 10 most
significant gene sets are presented in Fig. 2. The gene sets
identified by GSEA analysis were similar with those from GO
analysis, including cell motility, locomotion, cellular compo-
nent movement, G protein-coupled receptor signaling and
positive regulation of ERK1 and ERK?2 cascade, were shown.
Upregulation of cell migration and granule degranulation in
LTA-stimulated neutrophils has been reported in previous
studies (11-14). By contrast, upregulation of cytokines, such
as IL-8, IL-6, TNF-o and G-CSF, was not observed in the
present results; the expression changes of those four genes
were <2-fold in the present RNA sequencing results (data not
shown).

Evaluating the function of LTA-affected miRNAs. The miRNA
expression was also determined via miRNA sequencing in the
present study. miRNA expression was considered significantly
changed based on fold change =2.0 and reads per million
(RPM) >1. Compared to vehicle-stimulated neutrophils, 38
miRNAs, including 36 downregulated miRNAs and 2 upregu-
lated miRNAs, were identified as significantly differentially
expressed in LTA-stimulated neutrophils. The list of the 38
significant differentially expressed miRNAs is presented in
Table SV. The miRNA enrichment analysis was determined
via Funrich software according to biological process. The
Funrich analysis suggested that these miRNAs were signifi-
cantly involved in signal transduction and cell communication
(P<0.05; Fig. 3A). In addition, the GSEA-like method of gene
ontology analysis was performed via the miEAA website,
which is a miRNA enrichment analysis and annotation

web-based application. Pathways such as nucleotide binding,
signal transduction, cell cortex, protein autophosphorylation,
transcription corepressor and energy reserve metabolic process
were enriched in the LTA-stimulated neutrophils (Fig. 3B
and Table III). Pathways such as microtubule-based process,
cytoskeleton-dependent intracellular transport, protein polym-
erization and ubiquitin binding were suppressed (Fig. 3B and
Table I1I). Signal transduction was the only enriched biological
process observed with both the analysis methods.

Evaluating the potential interaction between LTA-affected
miRNA and genes. To further identify whether the 38 miRNAs
may interact with the 290 LTA-affected genes, the Funrich
software and the miRDB website were used. The analysis
results of the Funrich software and the miRDB website,
respectively, indicated 264 miRNAs and 350 miRNAs might
target to 342 genes. Seven and 15 shared miRNAs were
respectively identified between the 38 miRNAs and 264
Funrich-predicted miRNAs (Fig. 4A), and 38 miRNAs and
350 miRDB-predicted miRNAs (Fig. 4B). The results further
revealed that 5 miRNAs, hsa-miR-1271-5p, hsa-miR-708-5p,
hsa-miR-362-3p, hsa-miR-34c-5p and hsa-miR-34a-5p, were
observed in both analyses. The potential interaction between
5 miRNAs and 290 genes was further validated by Targetscan
and miRTarBase database analyses. The interaction between
the 4 miRNAs and the 5 genes is presented in Table IV.
These genes were involved in various biological processes.
For example, MET proto-oncogene (MET) and heparin
binding EGF like growth factor (HBEGF) were involved in
positive regulation of cell migration and cellular component
movement, calcium voltage-gated channel auxiliary subunit
B3 (CACNB3) was involved in immune system process and
immune response, tensin 3 (TNS3) was involved in cell migra-
tion and motility, and tweety family member 3 (TTYH3)
involved in localization (Table SII). The interactions between
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Table III. GO analysis of miRNA via miEAA website.

GO ID Path name Enrichment  P-value miRNA
GO0O0000166  Nucleotide binding Enriched 0.0057  hsa-miR-10a-3p; hsa-miR-193a-3p; hsa-miR-22-5p;
hsa-miR-331-5p; hsa-miR-34a-5p; hsa-miR-34c-5p;
hsa-miR-362-5p; hsa-miR-378a-5p; hsa-miR-940
GO0007017  Microtubule based process Depleted 0.0085  hsa-miR-708-5p; hsa-miR-940
GO0030705  Cytoskeleton dependent Depleted 0.0085  hsa-miR-708-5p; hsa-miR-940
intracellular transport
GOO0051258  Protein polymerization Depleted 0.0085  hsa-miR-708-5p; hsa-miR-940
GO0043130  Ubiquitin binding Depleted 0.0110  hsa-miR-34a-5p; hsa-miR-708-5p; hsa-miR-708-3p;
hsa-miR-940
GO0007165  Signal transduction Enriched 0.0132  hsa-miR-10a-3p; hsa-miR-1271-5p; hsa-miR-22-5p;
hsa-miR-31-3p; hsa-miR-331-5p; hsa-miR-337-3p;
hsa-miR-34a-5p; hsa-miR-34c-5p; hsa-miR-378a-5p;
hsa-miR-3928-3p; hsa-miR-625-5p; hsa-miR-708-5p
GO0005938  Cell cortex Enriched 0.0149  hsa-miR-193a-3p; hsa-miR-31-3p; hsa-miR-34a-5p;
hsa-miR-34c-5p
GO0046777  Protein autophosphorylation ~ Enriched 0.0149  hsa-miR-193a-3p; hsa-miR-31-3p; hsa-miR-34a-5p;
hsa-miR-34c-5p
GO0003714  Transcription corepressor Enriched 0.0176  hsa-miR-193a-3p; hsa-miR-34a-5p; hsa-miR-34c-5p;
activity hsa-miR-362-3p; hsa-miR-378a-5p
GO0006112  Energy reserve metabolic Enriched 0.0176  hsa-miR-10a-3p; hsa-miR-337-3p; hsa-miR-34a-5p;
process hsa-miR-34c-5p; hsa-miR-378a-5p
GO, Gene Ontology; miRNA, microRNA.
A 38miRNA B 3smiAna
\\\\
\-.
335
y
y
Funrich predicted miRDB predicted

miRNA

hsa-miR-582-p

hsa-miR-193a-3p, hsa-miR-34c-5p
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hsa-miR-34a-3p, hsa-miR-1271-5p

miRNA

hsa-miR-34¢-5p, hsa-miR-708-3p, hsa-miR-362-3p,
hsa-miR-22-5p, hsa-miR-550a-3p, hsa-miR-642a-3p,
hsa-miR-664b-3p, hsa-miR-574-3p, hsa-miR-708-5p,
hsa-miR-34a-5p, hsa-miR-1271-5p, hsa-miR-629-3p,
hsa-miR-337-3p, hsa-miR-31-3p, hsa-miR-362-5p

Figure 4. The potential targeted genes of miRNAs. The results of miRNA sequencing revealed that 38 miRNAs exhibited differential expression between
lipoteichoic acid and vehicle-stimulated neutrophils. (A) Venn diagram showing that the 7 miRNAs identified in the Funrich software predicted 264 miRNAs
(red circle) and 38 miRNAs (blue circle; P=0.262). (B) Venn diagram showing that the 15 miRNAs in the miRDB website predicted 350 miRNAs (red circle)
and 38 miRNAs (blue circle; P=0.002).

hsa-miR-34a-5p, hsa-miR-34c-5p and MET, hsa-miR-34a-5p
and CACNB3, and their biological function have been vali-
dated in other publications (44-52).

Although interactions were predicted between the 4
miRNAs and the 5 genes, potential interactions between
most of genes and miRNAs identified in the present study

were not identified. Because LTA stimulation induces defense
responses, further analysis focused on the genes and miRNAs
involved in the biological processes of positive regulation of
cell migration and motility and cellular component movement
(Fig. 5). The results revealed that various genes with >2-fold
changes may also interact with miRNAs with <2-fold changes.
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Table IV. Target genes of miRNAs.
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Fold change Gene Fold change
miRNA of miRNA* symbol of mRNA® TargetScan miRTarBase (Refs.)
hsa-miR-34a-5p -2.18 MET 223 Yes Yes (40,46-48)
hsa-miR-34a-5p -2.18 CACNB3 049 Yes Yes 45)
hsa-miR-34c-5p -2.11 MET 2.23 Yes Yes (40-44)
hsa-miR-708-5p -2.07 TNS3 641 Yes No
hsa-miR-1271-5p -2.98 TTYH3 2.70 Yes No
hsa-miR-1271-5p -2.98 TNS3 6.41 Yes No
hsa-miR-1271-5p -2.98 HBEGF 3.78 Yes No

*Fold change in lipoteichoic acid-treated group vs. vehicle group. MET, MET proto-oncogene; CACNB3, calcium voltage-gated channel
auxiliary subunit $3; TNS3, tensin 3; TTYH3, tweety family member 3; HBEGF, heparin binding EGF like growth factor.

b, 129
headmiR-136-5p

Defense responses, cell migration, and
cellular component movement

. -1.27)

hsadmiR-17-5p
-2.18]
hsa n)nRQ:ia-ﬁp
, \
hsa-miR-34c-5p e _\ -
21 f r\ re
! PREE ITGB3
g gy
) ! 223 3.481
hsd-let-7i-5p " Call migration, and motiity, and

cellular component movement
-1.33)

\.q_ -

y
F
hsa-mdR-3748:5p
k =112

\ A,
hsadmiR-25-3p

! A,
! -1.16) hsa<miR-186-5p
l .01t
I
]
.
/| :
I h
! ns@-miR-23¢
1 1.18|
|
I
!!
8.3 =N 2 =~ Defense y
| @ | Yeoponngs hsaémiR-21-5p

-1.37)

-4

hsadmiR-1271-5p

-2.98)

Figure 5. Interactions of miRNAs and genes. The genes involved in the biological processes ‘defense responses’, ‘positive regulation of cell migration and
mobility’ and ‘positive regulation of cellular component movement’ were selected and potential targeted miRNAs were predicted by the Funrich software
and the miRDB website (target score >90). The circles represent genes and the diamonds represent miRNAs. The numbers beside the genes and the miRNAs
indicate fold changes. The green lines linking between genes and miRNAs indicate potential interactions.

Further experimental evidence will be necessary to confirm
whether miRNA-mRNA interactions may be important for
regulation of LTA-induced signaling pathways.

Discussion

LTA is a cell wall polymer in Gram-positive bacteria and a
risk factor for sepsis. Based on their chemical structures, LTAs
can be grouped into different types. Type I LTA is present
in bacteria including S. aureus, Listeria monocytogenes
and Bacillus subtilis (53). Prior publications have reported
that LTAs from S. aureus and Streptococcus pneumoniae
(type IV) can induce secretion of IL-8,IL-6, IL-1p3 and TNF-a
in monocytes and macrophages (54,55). Although the half-life
of circulating neutrophils is only 6-8 h (56), a previous study
demonstrated that the production of IL-1p, IL-8 and TNF-a
was significantly induced when human neutrophils were incu-
bated with 10 ug/ml S. aureus LTA for 16 and 24 h (14). In
addition, Hattar ez al (14) demonstrated that the protein levels

of IL-8 were induced by stimulation with 1, 5 and 10 pg/ml
LTA after 16 h of incubation. In the present study, the results
of RNA sequencing provided a whole molecular picture of
LTA-induced gene expression, including a trend for increased
expression of IL-8, IL-6, TNF-a and G-CSF (although
<2-fold), and 290 genes with significantly differential expres-
sion in human neutrophils following 16 h stimulation with
1 pg/ml LTA.

LTA-affected genes have been reported in several types of
cells in previous studies. Two previously published datasets
in the Gene Expression Omnibus (GEO) database, GSE15512
and GSE21188, include results from microarray analysis
determining the gene expression of an LTA-treated monocyte
cell line (25 pg/ml LTA was used to stimulate THP-1 cells
for 6 h) and peripheral blood mononuclear cells (PBMCs;
10 ug/ml LTA was used to stimulate PBMCs for 7 h), respec-
tively. Although the dose and duration of the LTA stimulations
were not identical, the expression of inflammatory genes in
the present study was compared with that in both datasets. In
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general, the upregulated expression of genes including IL-1p,
IL-6, CXCLS8, CCL2 and CCL20 were similar in the present
study and both datasets. Notably, LTA stimulation in THP-1
cells induced more significant changes in gene expression
compared with LTA stimulation in PBMCs and in the present
study. Based on 20 shared inflammatory-associated genes
among the present study and the two public databases, the
gene expression profile in the present study was moderately
positively correlated with that in the public databases. These
findings might suggest that genes can be affected differently
by the various doses of LTA in a short (6-7 h) and long (16 h)
incubation period.

The results of mRNA sequencing revealed various
biological processes and signaling pathways that were
enriched following LTA stimulation. In Table I, positively
regulation of cell migration, cell motility and locomotion, as
well as defense responses and inflammatory responses, were
observed. Additionally, KEGG pathway analysis revealed
that 4 pathways were enriched, including cytokine-cytokine
receptor interaction and chemokine signaling pathway
(Table II). A previous study demonstrated that B. subtilis
LTA increases the secretion of CCL2 and CXCLI10 in
odontoblasts (57). To the best of our knowledge, the induc-
tion of chemokines is not fully elucidated in neutrophils.
In odontoblasts, fibroblasts and pulpal cells, activation of
TLR2, TLR3 and TLR4 pathways induces the production of
several chemokines, such as CCL2, CCL7,1L-8 (CXCLS8) and
CXCL10 (58,59). In human lymphatic endothelium cells, LTA
stimulation induces the expression of CCL2, CCL5, CXCLI,
CXCL3, CXCL5, CXCL6 and IL-8 (CXCLS8) through a
TLR2-depedent mechanism (60). The present study revealed
upregulation of CCL2, CCL7 and CXCLS5 in LTA-stimulated
neutrophils (Fig. 5). In addition, the expression of TLR2 was
also upregulated (by 2.02-fold) following LTA stimulation.
Therefore, it is supposed that TLR2 might be also essential
for chemokine signaling pathway in human neutrophils. The
role of TLR2 in the regulation of the chemokine signaling
pathway, the function of proteoglycans, and the role of the

Rapl signaling pathway in neutrophils, will be further inves-
tigated in subsequent studies.

The effect of LTA stimulation on the miRNA expres-
sion remained unclear. In a mouse model, Staphylococcus
epidermidis LTA induced the expression of miR-143 via
TLR?2 signaling (61). When mice were exposed to LTA from
B.subtilis, S. faecalis and S. aureus, the expression of miR-451,
miR-668, miR-1902 and miR-1904 was induced in whole blood
and serum (62). The present study found 38 miRNAs with
>2-fold change in expression following LTA stimulation; the
majority of these 38 miRNAs were novel and not reported in
previous publications. However, miR-143, miR-451, miR-668,
miR-1902 and miR-1904 were not significantly altered in
the human LTA-stimulated neutrophils in the present study.
Because a miRNA can target many genes (63), GO analysis
of the 38 miRNAs was performed (Table III). However, the
function of these miRNAs and the regulatory mechanism
of these enriched biological processes and LTA-mediated
responses remained unknown. Therefore, the miRNA-target
gene interactions were further investigated via multiple bioin-
formatic tools. The results revealed potential novel interactions
between hsa-miR-34a-5p, hsa-miR-34c¢-5p, hsa-miR-708-5p
hsa-miR-1271-5p and MET, HBEGF, CACNB3, TNS3 and
TTYH3, and that these interactions may regulate cell migra-
tion and motility, cellular component movement, immune
system process and immune response. Although these find-
ings were interesting, there are some limitations in the current
study. Firstly, only one sample from one donor was analyzed
in the present study. Furthermore, the interactions between
miRNA and mRNA were not experimentally confirmed. The
proposed interactions require further validation through func-
tional experiments in the future. The summary of the present
findings is presented in Fig. 6.

To the best of our knowledge, the present study is the first
to provide comprehensive information about transcriptome
analysis of LTA-stimulated human neutrophils. A total of 290
mRNAs and 38 miRNAs which were significantly altered by
16 h-stimulation of S. aureus LTA in human neutrophils were
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identified. Furthermore, bioinformatic analysis proposed novel
interactions between 4 miRNAs and 5 target genes. These
findings may provide new insights of the LTA-mediated effect
on peripheral neutrophils and the innate immune responses in
a healthy person.
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