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Abstract

MicroRNAs (miRNA) play an important role in regulag gene expression, making
them important resources for exploring molecular chhamisms. Molecular
mechanisms involved in the inflammatory responskdavine endometrial cells
induced by lipopolysaccharide (LPS) have not beately studied. In the present
study, miRNA and mRNA expression profiling of boeiendometrial cells treated
with 1 pg/mL LPS for 24 h were evaluated by RNA-Seq (RNAtsncing). The
results showed that LPS induced 20 (11 up- and 9wvndegulated)
differentially-expressed miRNAs and 108 (90 up- ad@& down-regulated)
differentially-expressed mRNAs of bovine endométrizlls. The results for 5
MRNAs and 4 miRNAs were evaluated by quantitatea-time PCR (QRT-PCR) to
validate the reliability of the RNA-seq data. Intaging analysis of the miRNA and
MRNA expression profiles revealed 116 miRNA-targehe pairs. GO and KEGG
pathway analysis of differentially expressed miRNax&l target genes predicted the
likely roles of differentially expressed miRNAs imflammatory responses in bovine
endometrial cells induced by LPS. The reliabilifytbe integrating analysis of the
mMiRNA and mRNA data were validated by measuring &xpression of three
miRNA-target gene pairs lyRT-PCR. Our results improve the understandinghef t
role of miRNA involvement in inflammatory responeé bovine endometrial cells
induced by LPS.

Keywords. endometrial cells; lipopolysaccharide; RNA-SegRNA

1. Introduction

Micro RNAs (miRNAs) are small non-coding RNAs thagulate gene expression by
targeting specific mRNAs [1]. They regulate generession by blocking translation
or degrading target mRNA [2]. The role of miRNA hlagen widely evaluated in
different cells [3]. Specific mMIRNAs have been asated with infectious diseases,
inflammation, and immune responses through regulatf the immune system([4, 5].
The ability of miRNAs to regulate inflammatory resises and specific diseases
makes them important pathogenic factors for paaéntiherapeutic targets.

Inflammatory disorders caused by bacterial infectawe a constant problem in the
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dairy industry, particularly in the uterus of diféat animals.

The uterus is the reproductive tract in mammals iangrone to bacterial infections,
particularly in the dairy industry [6, 7]. Infectie caused by bacterial contamination
are a major problem in reproductive managementQ[8-Racterial infections in the
uterus cause uterine inflammatory diseases and lsaweemendously negative
economic impact on the livestock industry [11]. tte infection has also been
associated with lower conception rates in cowsciwhalso results in economic loss
[12]. Numerous studies have examined the uterutebalccommunity, endometrial
epithelial cells, and inflammation in the femalengal tract [13-15]. Sheldon et al.
[15] reported that bacterial infections in the uterdisrupt uterine and ovarian
function, leading to the secretion of cytokines ahdmokines by lipopolysaccharide
(LPS) which is detected by Toll-like receptors (Td)Rn endometrial cells.

LPS from gram-negative bacteria is among the mmopbritant stimulus for mammary
cell inflammation [16]. However, few studies haweeastigated the miRNA response
to LPS stimulation of cells to understand the me@ra involved. Chi and Wu [17]
reported that LPS stimulation differentially exmed 431 miRNAs and 430 target
genes in bone marrow-derived macrophages. It has l@en reported that several
hundreds of genes undergo alternative promoter 3nghtranslated region usage
following LPS treatment from monocyte-derived madrages [18].

In the current study, RNA-Seq was used for miRNA arRNA expression profiling
and to examine the enrichment of differentially exgsed miRNAs and target genes
and interactions of miRNAs and target genes in EB@ulated bovine epithelial
cells.

2. Material and methods

2.1 Cédll culture system

Uteri of non-pregnant cattle without evidence ohit@ disease were collected at a
local abattoir after slaughter and kept on iceldatther processing in the laboratory.
The physiological stage of the reproductive cycte ach genital tract was
determined by observation of the ovarian morphol¢g9]. Genital tracts at an

ovarian stage | corpus luteum were selected fooemdrial tissue culture, and only
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the horn ipsilateral to the corpus luteum was uskEdr tissue explants, the
endometrium was cut into strips and placed intorseiree DMEM/F12 (Invitrogen
Carlsbad, CA, USA) supplemented with 50 IU/mL péc (Sangon Biotech,
Shanghai, China) and 5Qg/mL streptomycin (Sangon Biotech) under sterile
conditions. The strips were then cut into 1 fnpieces using a mechanical tissue
chopper and, after three washes with serum-free MNFE2, placed into fresh media
DMEM/F12 containing 10% fetal bovine serum (Gib&and Island, NY, USA), 50
IU/mL penicillin, and 5Qug/mL streptomycin. Tissue explants were incubate2lrg&
and 5% CQ in a humidified incubator overnight, and then thgernatants were
removed and replaced with fresh media. Media wasigld once every 48 h until the
cells were spread across the bottom of the cuftask. The cells were digested by
trypsin (0.25%) supplemented with 0.1% EDTA-2Nak¢a). Stromal and epithelial
cell populations were used for later experimentsreéf passages.

2.2 Experimental design

When bovine endometrium stromal and epithelial peppulations had grown to 80%
confluence in the bottom of the culture flask, tedls were stimulated with or without
1.0 pg/mL LPS fromEscherichia coli 055:B5 (Sigma—Aldrich, St. Louis, MO, USA)
for 24 h, according to our previous study. Supemntgst harvested after treatment with
LPS for 24 h were used to determine the conceatratif IL-6 and IL-8 using
commercial ELISA kit (Lengton bio, China) accorditigthe manufacturer’s protocol.
When concentration of IL-6 and IL-8 in LPS treatrngroup was significantly higher
than that in control group, the samples were stdjeto RNA-Seq.

2.3 RNA extraction

Total RNA was extracted from endometrial cells diefrom the cell culture plate by
using TRIzol (Invitrogen) according to the manutaet's instructions. RNA quantity
and quality were measured using a NanoDrop ND-2G@@ctrophotometer
(Wilmington, DE, USA). Acceptable OD @AdA2sg) ratios were between 1.8 and 2.0,
and OD (Asd/Az30) ratios were greater than 1.8. RNA degradation ardamination
was detected on a 1% agarose gel. RNA purity waaluated using the

NanoPhotometer® spectrophotometer (Implen, Inc.stiadke Village, CA, USA).
4



RNA concentration was measured using a Qubit® RNAaY Kit in a Qubit® 2.0
Flurometer (Life Technologies, Carlsbad, CA, USRNA integrity was assessed
using the RNA Nano 6000 Assay Kit with the AgileBioanalyzer 2100 system
(Agilent Technologies, Santa Clara, CA, USA). RNAaswv subjected to
high-throughput sequencing.

24 Library preparation for small RNA (miRNA) sequencing

A total of 3ug total RNA per sample was used as input mateoiatife small RNA
library. Sequencing libraries were generated ushey NEBNexf Multiplex Small
RNA Library Prep Set for Illumirfa (New England Biolabs, Ipswich, MA, USA)
following the manufacturer's recommendations andei codes were added to
attribute sequences to each sample. Briefly, th& SESR Adaptor was specifically
ligated to the 3end of MIRNA, siRNA, and piRNA. After the Bgation reaction, the
SR RT Primer was hybridized to exce$sSR Adaptor (which remained free after the
3 ligation reaction) and the single-stranded DNA@dr was used to produce a
double-stranded DNA molecule. This step is impdrfan preventing adaptor-dimer
formation, and double-stranded DNAs are not sutestréor ligation mediated by T4
RNA Ligase 1 and therefore do not ligate to theSR Adaptor in the subsequent
ligation step. The 5end adapter was ligated to theehds of miRNAs, siRNA, and
piRNA. First-strand cDNA was synthesized using MiMuReverse Transcriptase
(RNase H-). PCR amplification was performed usiogdAmp Taq 2X Master Mix,
SR Primer for Illumina, and index (X) primer. PCR@ucts were purified on an 8%
polyacrylamide gel (100 V, 80 min). DNA fragmentwrresponding to 140-160 base
pairs (bp; length of small non-coding RNA plus 8'@and 5 adaptors) were recovered
and dissolved in &L elution buffer. Finally, library quality was assed on the
Agilent Bioanalyzer 2100 system using DNA High Sewisy Chips. Clustering of
the index-coded samples was performed on a cBaté&l@eneration System using
the TruSeq SR Cluster Kit v3-cBot-HS (lllumina, Saiego, CA, USA) according to
the manufacturer’s instructions. After cluster gaien, the library preparations were
sequenced on an lllumina Hiseq 2500/2000 platfanchZ0-bp single-end reads were

generated. Mapped small RNA tags were used to lséar&known miRNA. miRbase
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20.0 was used as a reference, and modified softmadeep2 and srna-tools-cli were
used to obtain the potential miRNA and draw second&ructures. Custom scripts
were used to obtain miRNA counts and base biath#ofirst position of the identified
mMiRNA with a certain length and at each position af identified miRNAs,
respectively. The software miREvo and mirdeep2 weed to predict novel miRNAs
by exploring the secondary structures. miRNA exgimslevels were estimated from
transcript per million (TPM) values (TPM = (miRNAtal reads/total clean reads) x
10P). Differential expression analysis of two sampleas performed using the
DEGseq (2010) R package. The P-value was adjusied the q value. A q value <
0.01 and |log (fold-change)|>1 was set as the threshold forifsogmtly differential
expression.
25 Library preparation for mRNA sequencing
A total of 3 pg RNA per sample was used as inputerma for RNA sample
preparations. Sequencing libraries were generated) the NEBNext® Ultra™ RNA
Library Prep Kit for lllumina® (New England Biolap$ollowing the manufacturer’s
recommendations and index codes were added tdwdrithe sequences to each
sample. Briefly, mRNA was purified from total RNAsing poly-T oligo-attached
magnetic beads. Fragmentation was carried out udiralent cations at an elevated
temperature in NEBNext First Strand Synthesis ReadBuffer (5X). First-strand
cDNA was synthesized using random hexamer primet BRMulLV Reverse
Transcriptase (RNase H-). Second-strand cDNA swighavas subsequently
performed using DNA polymerase | and RNase H. Reim@i overhangs were
converted into blunt ends via exonuclease/polyneeeasivities. After adenylation of
3’ ends of DNA fragments, the NEBNext Adaptor witlhairpin loop structure was
ligated to prepare for hybridization. To select edfMagments 200 bp in length, the
library fragments were purified by the AMPure XPBst®m (Beckman Coulter, Brea,
CA, USA). Next, 3 pL USER Enzyme (New England Bbda was used with
size-selected, adaptor-ligated cDNA at 37 °C fomiif followed by 5 min at 95 °C
before PCR. PCR was performed using Phusion Hidety DNA polymerase,
Universal PCR primers and index (X) primer. PCRdoicis were purified (AMPure
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XP system) and library quality was assessed o\tlilent Bioanalyzer 2100 system.
Clustering of the index-coded samples was perforore@ cBot Cluster Generation
System using the TruSeq PE Cluster Kit v3-cBot-Hifiniina) according to the
manufacturer’s instructions. After cluster genemati library preparations were
sequenced on an lllumina Hiseq platform and 123 %pbp paired-end reads were
generated. Reference genome and gene model aondibds were downloaded from
the genome website. The index of the referencergeneas built using Bowtie v2.2.3
and paired-end clean reads were aligned to theerefe genome using TopHat
v2.0.12. We selected TopHat as the mapping toogémrerating a database of splice
junctions based on the gene model annotation fileehvprovides a better mapping
result than other non-splice mapping tools. mRNAression levels were estimated
as the expected number of fragments per kilobageanscript sequence per million
base pairs sequenced values (TPM = total exon &atgf(mapped reads x exon
length)). Differential expression analysis undeo teonditions was performed using
the DEGseq R package (1.20.0). P values were adjussing the Benjamini &
Hochberg method. A corrected P-value of < 0.01 |fog (fold-change)| > 1 were set
as thresholds for significantly differential expses.

2.6 Target gene prediction and miRNA-mRNA regulatory networ k

The target genes of miRNAs were predicted usingopsR tar in psRobot for plants
or miRanda for animals. miRanda uses a dynamicrarogiing algorithm to search
for complementary regions between an miRNA and3hantranslated region of the
MRNA, and the scores are based on sequence compemend minimum free
energy of RNA duplexes, which are calculated usimgVienna RNA package. Thus,
a hub miRNA was defined as having a connectivify). A hub miRNA and its
regulated genes were then classified to a hub-miRMNAule as follows: opposite
modes of regulation of mIRNAs and mRNAs were idedi based on their
expression profiles and used to determine each MiRIRNA and miRNA-target
intersection. High reliability for the miRNA-targattersection was used to establish
the hub miRNA module and predict target-gene fuomctn the hub miRNA module.

Subsequently, an overall network was establishegdan verified protein—protein
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interactions using the STRING database and miRNgeta. Visual representations of
interaction webs were designed and constructedguSitoscape software and the
igraph data package on an R platform. Finally, azs@tl connected network module
was identified using the Markov cluster algorithamd a module o#10 nodes was
selected.

2.7 GO and KEGG enrichment analysis of differentially expressed tar get gene of
differentially expressed miRNAs

The gene ontology (GO) database (http://geneonyalogy) includes the following

three functional categories: biological procesdlulz@ component, and molecular

function. Genes can be further organized by dickei®yclic graph according to their

scope. In GO clustering, genes are consideredfsignily enriched based on the ratio
of the observed GO term for all genes/GO term femgle gene set. GO enrichment
analysis of differentially expressed miRNAs andgédr gene candidates were
evaluated using the GOseq R package, in which tgrgth bias was corrected. GO

terms with corrected P values 0.05 were considered significantly enriched by
differentially expressed miRNAs and target genes.

The Kyoto Encyclopedia of Genes and Genomes (KEG@atabase

(http://www.genome.jp/kegg/pathway.html) was usedsystematically analyze gene

function and genomic information from biological tipaays and further group
biological pathways according to metabolism, enzyimechemical reaction, gene
regulation, and protein—protein interaction. We dusé€OBAS software to test the
statistical enrichment of differential expressiarget genes in the KEGG pathways
2.8 Reversetranscription and gRT-PCR

First, 1ug RNA was reverse-transcribed into complementanABDNA) in 20uL
reaction mixtures using an RT system kit (Takafag& Japan). The relative mRNA
and miRNA quantities were determined by gRT-PCRQr.L reaction volumes using
the SYBR green Plus reagent kit (Takara) in the 80 gRT-PCR detection system.
Primers and Tm values used for amplification ofatigk mMRNA and miRNA by
gRT-PCR are shown in Table 1 and Table 2. U6 [4adtin were used as internal

controls for miRNA and mRNA, respectively. The D-gRT-PCR mixture contained
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the following: 10uL of 2 xSYBR Premix Ex Taq Il; 0.4L of 50 x ROX Reference
Dye II; 0.8 uL of forward primer (2QuM); 0.8 uL of reverse primer (2Q@M); 6 pL of
double-distilled water, and gL of cDNA. PCR was performed using the following
program: 98 for 30 s; 40 cycles of 96 for 5 min, different Tm values for 34 s; 85
for 15 s, 60C for 60 s; and 9% for 15 s.

3. Results

3.1 Sequencing overview of mMiIRNA

A total of 7,236,182 and 7,132,755 clean reads wétained from the control and
LPS groups, respectively (Table 3). Read lengthribigions are shown in Fig. 1.
Additionally, 21-24 nucleotide (nt) miRNAs accounhtéor at least 75% of the
population in the control and LPS groups. Otherdseaf longer than 25 nt, may
mostly represent Piwi-interacting RNA (piRNA), awlg identified class of small
regulatory RNAs reported to be abundantly generatele mature testes of animals
[20].

3.2 Sequencing overview of mMRNA

A total of 41,263,672 and 35,251,970 clean read® wenerated in the control and
LPS groups, respectively. The error rate and GCterdnof each group were
calculated to control for sequence quality (TableThe quality of the process used
for library construction for sequencing was alscessed based on transcript
homogeneity (Fig. 2).

3.3 Differentially expressed mRNA and miRNA

After normalization of the raw data, significanttlifferentially expressed genes
including 20 miRNAs (Table 5) and 108 mRNAs (Tab)ewere identified in the LPS
group compared to in the control group; the 20 mMRNonsisted of 11 up-regulated
and 9 down-regulated miRNAs; the 108 mRNA consigte@0 up-regulated and 18
down-regulated mRNASs. bta-miR-183, bta-miR-744, AtaetmiR-375 were the most
significantly  up-regulated miRNAs, while bta-miR&88p, bta-miR-20a,
bta-miR-197, bta-miR-19b, and bta-miR-135a were th®st significantly
down-regulated miRNAs in the LPS group comparethtthe control group. These

results were verified by gqRT-PCR (Fig. 4B). TLR4XCL3, C3, NUR77, YEAST2,
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BET1, and CYB5R1 were the most significantly upuiaged mRNAs, while
TSPAN7 and LYPLA2 were the most significantly dowegulated mRNAs in the
LPS group compared to in the control group. Theltesvere verified by gRT-PCR
(Fig. 3B). The heat map (Fig. 3A), scatter plotg(F3C), and volcano plot (Fig. 3D)
also revealed variable expression patterns of ifferehtially expressed miRNAs and
mMRNA in the control and LPS groups.

3.4 qRT-PCR validation of differentially expressed miRNA and mRNA

To validate the RNA-seq results, we conducted gRRRo investigate the relative
expression levels by randomly selecting 6 mMRNAsRZL CXCL3, C3, TSPAN?7,
NUR77) (Fig. 3B) and 4 miRNAs (bta-miR-375, bta-nfBa, bta-miR-183,
bta-miR-365-3P) (Fig. 4B) that showed significanffedences in expression. The
RNA-seq data and gRT-PCR data were identical. lmegd, the results of qRT-PCR
validated the RNA-seq results and added more cende to the credibility of the
differentially expressed miRNAs and mRNAs.

3.5 GO and KEGG enrichment of differentially expressed miRNAs and target
genes

To determine the functional roles of mMIRNAs andjé&rgenes in biological pathways,
we performed pathway enrichment analysis using Kggathways and gene ontology
(GO) for biological functions. In GO enrichment &rss, a total of 118 GO terms
were significantly enriched, with the 34 GO termsimhy related to molecular
function, such as lipase activity, phospholipagevily, CoA-transferase activity, and
carboxylic ester hydrolase activity. The 79 GO temere mainly related to biological
processes, such as lipid catabolic process, reggonsacterium, defense response to
bacterium, and regulation of gene expression. TH&Cbterms were related to the
cellular component, such as outer membrane, sejtyy and septin cytoskeleton.
Thirty significantly enriched GO terms are shownFig. 5A. Pathways that were
enhanced under LPS stimulation were analyzed by ®B@alysis. Approximately 20
significant pathways were detected and are showrign 5B. Notably, most genes
were associated with the valine, leucine, and isoiee degradation pathways

followed by adherens junction; Amoebiasis, cell @gbn molecules, and the AMPK
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signaling pathways.

3.6 Interaction network of miRNAs and target genes

To understand how miRNAs affect mMRNA expressionRNA-seq and mRNA-seq
data were correlated following the criterion of iaegulation of an miRNA and
corresponding mMRNA. Based on the miRNA-target gemeraction pairs identified
by reverse association, we compared the interacteiwork between miRNAs and
target genes in the control and LPS groups. We Li$6dniRNA-target gene pairs for
reverse correlation, including 11 pairs of up-regedl miRNAs and 9 pairs of
down-regulated miRNAs to construct the miRNA-targehe interaction network. In
addition, one target (YEAST2) of bta-miR-19b and-btiR-135a, three targets
(YEAST2, BET1, and CYB5R1) of bta-miR-197, and otaget (LYPLAZ2) of
bta-miR-744 were validated by gRT-PCR. These resshibwed that this method is
reliable for predicting target genes of miRNAs byegrating analysis of miRNA-seq
and mRNA-seq data (Fig. 6).

4. Discussion

MiRNAs act at the post-transcriptional level ankiiloit gene expression by binding to
a complementary sequence of an mRNA molecule [2]., Phe identification of
MiRNAs and their target mMRNAs in bovine endometgall responses to LPS is
important for understanding their biological meaksars and functions. Our results
showed that LPS induced 20 differentially-expressedRNAs and 108
differentially-expressed mRNAs in bovine endomeéteidls, as well as enriched 118
GO terms and 66 KEGG pathways.

LPS was previously reported to induce pro-inflanomagene expression to different
degrees and increase cell counts[23]. Similar teswkre observed in the current
study, with several genes such as regulation dfpeeliferation genes, inflammatory
response genes, and response to cytokine (inflaompattokines and chemokines
related) genes were significantly enriched undes tifeatment. Mishra et al. [24] also
found that several cytokines associated with infteation were increased under LPS
treatment in mice. Yu et al. [25] reported that Lé&¥tised a substantial increase in the

MRNA levels of cytokines such as tumor necrosisofaTNF)-a, interleukin (IL)-18,
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IL-6, and IL-8, which are all associated with celflammation in bovine mammary
epithelial cells.

The importance and expression of different miRNAsdlation to LPS treatment has
been documented in different cells [26, 27]. Certyal.[28] reported that LPS
affected 49 of inflammatory mRNAs and approximately inflammatory-associated
mMiRNAs in the mouse oviduct. Tang et al. [29] ateported that the LPS-induced
inflammatory response is regulated by miRNA (mid&R29a) in Maurine
macrophages. These findings support the involveroémiiRNAS in inflammatory
responses. Most miRNAs identified in the currenidgtwere also reported in other
cell studies. Some mMiRNAs were up-regulated undeg lireatment, while others
were down-regulated, such as bta-miR-99b, which wasegulated following LPS
treatment while bta-miR-19b was down-regulated. nghet al. [26] reported the
expression of bta-miR-99b and bta-miR-19b in Hafsteattle and found that
bta-miR-19b is highly enhanced under heat stre$slevibta-miR-99b showed low
enhancement. miR-99b has also been reported tdategine host immune system
against infection diseases in murine dendriticsc|gd0]. Our results demonstrated that
bta-miR-20a in bovine endometrial cells was dowguitated by LPS. Corresponding
to these results, miR-20a has been reported tovmdvied in inflammatory responses
in murine alveolar macrophages induced by LPS [80].et al. [32] reported that
miR-375 is down-regulated in human epithelial cafter stimulation by IL-13, while
in the current study bta-miR-375 was up-regulatetlRS-inoculated cells, indicating
its role in the inflammation response. Some MiIRNAgEh as let-7¢c, which was
previously reported to be associated with an anfmmatory role in LPS-treated
alveolar macrophages [33], was also significantligagced in the current study.

To gain insight into the biological mechanism inved in endometrial cell
inflammation, GO analysis was conducted. The resnfitGOanalysis revealed that
LPS increased different GO terms. Most GO termsewsgnificantly enhanced in
biological processes under LPS treatment than m dkllular component and
molecular functions. Notable results included thgnificant enhancement of the

cellular response to LPS, cellular response tadgitmulus, and regulation response
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to an external stimulus in biological processespffiementary Fig. A). Cytokine
receptor binding and cytokine activity were alsgngicantly enhanced in molecular
function (Supplementary Fig. A). These findings gmtly agree with those of
previous studies showing that LPS increases theldeof inflammatory molecules
such as cytokines and chemokines in response toogets that cause various
infectious diseases in cattle [34-36]. LPS is asacial for activating the defense
against bacterial infections by stimulating chemeki to initiate an inflammatory
response [37, 38]. These reports are also in agneewith results from the current
study showing that LPS significantly enriched soohéiological processes such as
cell chemotaxis, regulation of inflammatory respmnegulation of immune system
process, cellular response to molecule of bacterigin, and response to external
stimulus. Cario et al. [39] also stated that LP&uces a pro-inflammatory response
by activating distinct pathways in intestinal epiial cells and regulating mRNA
expression. The role of LPS in the inflammatorypmese and its role in biological
processes was also reported by Noleto et al. 4@ indicated that inhibiting
glycolysis compromises the inflammatory responge&RS in endometrial tissues,
leading to reduced accumulation of inflammatoryo&ytes by at least half (50%).

The results of KEGG analysis indicated that LPShifigantly increased several
pathways such as the AMPK signaling pathway, TNfhaing, pertussis, and TLR
signaling pathway (Supplementary Fig. B). Chen ¢t [d1] reported that
phosphorylation of p38 MAPK and ERK was down-regedaupon inoculation of
LPS in murine macrophages. This phenomenon wasoalserved in the current study.
The MAPK signaling pathway can promote the productf inflammatory cytokines
such as TNFe [42, 43]. It has been reported that LPS treatmgmtegulated the
MRNA expression of TNl-and TLR4 in bovine endometrium epithelial cellg][4
Bromfield et al. [45] reported significant expressiof TLR4 in response to LPS in
bovine granulosa cells, which agrees with the figdiof the current study. Wen et al.
[46] reported that LPS significantly stimulated dymc TLR genes changes at the
protein level in pufferfish. This suggest a pivotale of the TLR pathway in the

immune system, particularly in inflammatory respes)swhich generally agrees with
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the findings of the current study.

Although the current study revealed differentiapressed miRNAs and mRNAs
and their KEGG pathways in bovine endometrial callsesponse to LPS, further
studies are required to determine the exact meshmof the miRNAs and their target
genes in the inflammatory response of bovine endaaheells under LPS treatment.

5. Conclusion

Our study provides insight into miRNAs and thenget mRNASs in the inflammatory
response in bovine uterus endometrial cells induogdLPS. The predicted 116
miRNA-target gene pairs and their GO and KEGG émient are of critical

importance for understanding the role of miRNA ilwament in inflammatory

responses.

Acknowledgement

This work was supported by the National NaturaleSce Foundation of China
(31672420), Jilin Province key scientific and teiclah project (20140203016NY;

20140203013NY) and general project of the Departroéiscience and Technology
of Jilin province (20150204074NY 20150519018JH 20160209001NY).

Conflict of interest

The authors declare that there is no conflict eénest regarding the publication of

this paper.

References

[1] Nilsen TW. Mechanisms of microRNA-mediated gene regulation in animal cells. Trends Genet.

2007;23:243-9.

[2] Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 2004;116:281-97.

[3] Schoolmeesters A, Eklund T, Leake D, Vermeulen A, Smith Q, Force Aldred S, et al. Functional

Profiling Reveals Critical Role for miRNA in Differentiation of Human Mesenchymal Stem Cells. PLOS

ONE. 2009;4:e5605.

[4] Lodish HF, Zhou B, Liu G, Chen CZ. Micromanagement of the immune system by microRNAs. Nature

reviews Immunology. 2008;8:120-30.

[5] Williams AE, Perry MM, Moschos SA, Larner-Svensson HM, Lindsay MA. Role of miRNA-146a in the

regulation of the innate immune response and cancer. Biochemical Society transactions.

2008;36:1211-5.

[6] Sheldon IM, Williams EJ, Miller ANA, Nash DM, Herath S. Uterine diseases in cattle after parturition.

Veterinary Journal (London, England : 1997). 2008;176:115-21.

[7] Sheldon IM, Noakes DE, Rycroft AN, Pfeiffer DU, Dobson H. Influence of uterine bacterial
14


ASRE JADID
Highlight


contamination after parturition on ovarian dominant follicle selection and follicle growth and function
in cattle. Reproduction (Cambridge, England). 2002;123:837-45.

[8] Sheldon IM, Lewis GS, LeBlanc S, Gilbert RO. Defining postpartum uterine disease in cattle.
Theriogenology. 2006;65:1516-30.

[9] Bicalho MLS, Santin T, Rodrigues MX, Marques CE, Lima SF, Bicalho RC. Dynamics of the microbiota
found in the vaginas of dairy cows during the transition period: Associations with uterine diseases and
reproductive outcome. Journal of Dairy Science. 2017;100:3043-58.

[10] Lavon Y, Leitner G, Klipper E, Moallem U, Meidan R, Wolfenson D. Subclinical, chronic
intramammary infection lowers steroid concentrations and gene expression in bovine preovulatory
follicles. Domestic animal endocrinology. 2011;40:98-109.

[11] Sheldon IM, Price SB, Cronin J, Gilbert RO, Gadsby JE. Mechanisms of infertility associated with
clinical and subclinical endometritis in high producing dairy cattle. Reproduction in domestic animals =
Zuchthygiene. 2009;44 Suppl 3:1-9.

[12] Tiago G, Julio C, Anténio R. Conception rate, uterine infection and embryo quality after artificial
insemination and natural breeding with a stallion carrier of Pseudomonas aeruginosa: a case report.
Acta Veterinaria Scandinavica. 2012;54:20-.

[13] Sheldon IM, Owens S-E, Turner ML. Innate immunity and the sensing of infection, damage and
danger in the female genital tract. Journal of Reproductive Immunology. 2017;119:67-73.

[14] Bicalho MLS, Lima S, Higgins CH, Machado VS, Lima FS, Bicalho RC. Genetic and functional
analysis of the bovine uterine microbiota. Part Il: Purulent vaginal discharge versus healthy cows.
Journal of Dairy Science. 2017;100:3863-74.

[15] Sheldon IM, Cronin J, Goetze L, Donofrio G, Schuberth H-J. Defining Postpartum Uterine Disease
and the Mechanisms of Infection and Immunity in the Female Reproductive Tract in Cattle. Biology of
reproduction. 2009;81:1025-32.

[16] Schmitz S, Pfaffl MW, Meyer HH, Bruckmaier RM. Short-term changes of mRNA expression of
various inflammatory factors and milk proteins in mammary tissue during LPS-induced mastitis.
Domestic animal endocrinology. 2004;26:111-26.

[17] Chiu CC, Wu WS. Investigation of microRNAs in mouse macrophage responses to
lipopolysaccharide-stimulation by combining gene expression with microRNA-target information. BMC
Genomics. 2015;16 Suppl 12:513.

[18] Alasoo K, Martinez FO, Hale C, Gordon S, Powrie F, Dougan G, et al. Transcriptional profiling of
macrophages derived from monocytes and iPS cells identifies a conserved response to LPS and novel
alternative transcription. Sci Rep. 2015;5:12524.

[19] Ireland JJ, Murphee RL, Coulson PB. Accuracy of predicting stages of bovine estrous cycle by gross
appearance of the corpus luteum. Journal of dairy science. 1980;63:155-60.

[20] Lian C, Sun B, Niu S, Yang R, Liu B, Lu C, et al. A comparative profile of the microRNA
transcriptome in immature and mature porcine testes using Solexa deep sequencing. The FEBS journal.
2012;279:964-75.

[21] MacFarlane L-A, Murphy PR. MicroRNA: Biogenesis, Function and Role in Cancer. Current
Genomics. 2010;11:537-61.

[22] Rajewsky N. L(ou)sy miRNA targets? Nat Struct Mol Biol. 2006;13:754-5.

[23] Zhao X, Wang X, Wang F, Gao C, Wang J. Poly r(C) binding protein 1-mediated regulation of
microRNA expression underlies post-sevoflurane amelioration of acute lung injury in rats. Journal of
cellular physiology. 2017;DOI: 10.1002/jcp.26053.

15



[24] Mishra N, Friedson L, Hanin G, Bekenstein U, Volovich M, Bennett ER, et al. Antisense miR-132
blockade via the AChE-R splice variant mitigates cortical inflammation. 2017;7:42755.

[25] Yu G-M, Kubota H, Okita M, Maeda T. The anti-inflammatory and antioxidant effects of melatonin
on LPS-stimulated bovine mammary epithelial cells. PLOS ONE. 2017;12:e0178525.

[26] Zheng Y, Chen K-l, Zheng X-m, Li H-x, Wang G-l. Identification and bioinformatics analysis of
microRNAs associated with stress and immune response in serum of heat-stressed and normal
Holstein cows. Cell Stress and Chaperones. 2014;19:973-81.

[27] Jin W, lbeagha-Awemu EM, Liang G, Beaudoin F, Zhao X, Guan LL. Transcriptome microRNA
profiling of bovine mammary epithelial cells challenged with Escherichia coli or Staphylococcus
aureusbacteria reveals pathogen directed microRNA expression profiles. BMC Genomics. 2014;15:181.
[28] Cerny KL, Ribeiro RAC, Li Q, Matthews JC, Bridges PJ. Effect of lipopolysaccharide on the
expression of inflammatory mRNAs and microRNAs in the mouse oviduct. Reproduction, fertility, and
development. 2017;D0I: 10.1071/RD17241.

[29] Tang B, Li X, Ren Y, Wang J, Xu D, Hang Y, et al. MicroRNA-29a regulates lipopolysaccharide
(LPS)-induced inflammatory responses in murine macrophages through the Akt1/ NF-kappaB pathway.
Experimental cell research. 2017;D0I: 10.1016/j.yexcr.2017.08.013.

[30] Singh Y, Kaul V, Mehra A, Chatterjee S, Tousif S, Dwivedi VP, et al. Mycobacterium tuberculosis
controls microRNA-99b (miR-99b) expression in infected murine dendritic cells to modulate host
immunity. The Journal of biological chemistry. 2013;288:5056-61.

[31] Zhu D, Pan C, Li L, Bian Z, Lv Z, Shi L, et al. MicroRNA-17/20a/106a modulate macrophage
inflammatory responses through targeting signal-regulatory protein alpha. The Journal of allergy and
clinical immunology. 2013;132:426-36.€8.

[32] Lu TX, Lim E-J, Wen T, Plassard AJ, Martin LJ, Aronow BJ, et al. MiR-375 is down-regulated in
epithelial cells after IL-13 stimulation and regulates an IL-13 induced epithelial transcriptome. Mucosal
immunology. 2012;5:388-96.

[33] Yu JH, Long L, Luo ZX, Li LM, You JR. Anti-inflammatory role of microRNA let-7c in LPS treated
alveolar macrophages by targeting STAT3. Asian Pacific journal of tropical medicine. 2016;9:72-5.

[34] Sakemi Y, Tamura Y, Hagiwara K. Interleukin-6 in quarter milk as a further prediction marker for
bovine subclinical mastitis. The Journal of dairy research. 2011;78:118-21.

[35] Fu Y, Zhou E, Wei Z, Liang D, Wang W, Wang T, et al. Glycyrrhizin inhibits the inflammatory
response in mouse mammary epithelial cells and a mouse mastitis model. The FEBS journal.
2014;281:2543-57.

[36] Zlotnik A, Yoshie O. Chemokines: a new classification system and their role in immunity. Immunity.
2000;12:121-7.

[37] Moser B, Wolf M, Walz A, Loetscher P. Chemokines: multiple levels of leukocyte migration control.
Trends in immunology. 2004;25:75-84.

[38] Schulz C, Farkas L, Wolf K, Kratzel K, Eissner G, Pfeifer M. Differences in LPS-induced activation of
bronchial epithelial cells (BEAS-2B) and type ll-like pneumocytes (A-549). Scandinavian journal of
immunology. 2002;56:294-302.

[39] Cario E, Rosenberg IM, Brandwein SL, Beck PL, Reinecker H-C, Podolsky DK. Lipopolysaccharide
Activates Distinct Signaling Pathways in Intestinal Epithelial Cell Lines Expressing Toll-Like Receptors.
The Journal of Immunology. 2000;164:966.

[40] Noleto PG, Saut JPE, Sheldon IM. Short communication: Glutamine modulates inflammatory

responses to lipopolysaccharide in ex vivo bovine endometrium. Journal of Dairy Science.

16



2017;100:2207-12.

[41] Chen W, Ma X, Zhang P, Li Q, Liang X, Liu J. MiR-212-3p inhibits LPS-induced inflammatory
response through targeting HMGB1 in murine macrophages. Experimental Cell Research.
2017;350:318-26.

[42] Lai J-l, Liu Y-h, Liu C, Qi M-p, Liu R-n, Zhu X-f, et al. Indirubin inhibits LPS-induced inflammation via
TLR4 abrogation mediated by the NF-kB and MAPK signaling pathways. Inflammation. 2017;40:1-12.
[43] Wang P, Cao J, Liu N, Ma L, Zhou X, Zhang H, et al. Protective Effects of Edaravone in Adult Rats
with Surgery and Lipopolysaccharide Administration-Induced Cognitive Function Impairment. PLOS
ONE. 2016;11:e0153708.

[44] Swangchan-Uthai T, Lavender CR, Cheng Z, Fouladi-Nashta AA, Wathes DC. Time course of
defense mechanisms in bovine endometrium in response to lipopolysaccharide. Biology of
reproduction. 2012;87:135.

[45] Bromfield JJ, Sheldon IM. Lipopolysaccharide initiates inflammation in bovine granulosa cells via
the TLR4 pathway and perturbs oocyte meiotic progression in vitro. Endocrinology. 2011;152:5029-40.
[46] Wen X, Wang L, Zhu W, Wang D, Li X, Qian X, et al. Three toll-like receptors (TLRs) respond to
Aeromonas hydrophila or lipopolysaccharide challenge in pufferfish, Takifugu fasciatus. Aquaculture.
2017;481:40-7.

17



Table 1. Primers used for gRT-PCR of selected genes

Product  Annealing )
MRNA Sequence (5'-3") . Accession No.
size(bp) temp.(7)
F: GGATCCCTGTGACACTCAAC
LYPLA2 435 52 NM_001080362.1
R: GGTACGTCTTGAACTGGACC
F: CCGACAACATCCCCATATCAA
TLR4 193 51 NM_174198.6
R: GGGTTTCCCGTCAGTATCAA
F: CTCCTTCGTCTTCTGGATCACT
TSPAN7 159 52 NM_001076384.1
R: AACAGGCCAAACACGACGAT
F: GAAAAGAACCGCTGGGAGGA
C3 108 53 NM_001040469.2
R: AGGAGGCGTAGTGTCGTAGT
F: GGCTTCGTCTCTGTGGACAT
CYB5R1 146 53 NM_001034518.1
R: AAGCGCATCTTTGGCGAGTA
F: GACAAGCCAGGGCAGGTTAT
YEATS2 189 55 NM_001105367.1
R: TGGGCAAAGAGGTGGCATAG
F: GCTGCCATTGCCTGCAAACTT
CXCL3 150 57 NM_001046513.2
R: TGGGAGCTTCAGGGTTGAGAC
F: CCATTGAAATAGGGCATGAAG
BET1 134 50 NM_001099157.1
R: CGTTTGGCTTCCTCTGGATA
F: CAAGAACTCCGACCTCCTCAC
JUN 100 56 NM_001077827.1
R: GATATGCCCGTTGCTGGACT
F:CTTCCTGGGCATGGAATCCT
B-actin 189 54 NM_173979.3

R

TTGATCTTCATTGTGCTGGGTG

18



Table 2. Primers used for gRT-PCR of selected miRNA

MiRNA Sequence (5'-3") Annealing temp.C)

) F:CGGCAATTTTGTTCGTTCGGCTC
bta-miR-375 62
R:ATCCAGTGCAGGGTCCGAGG

] F:CGTATGCGGGGCTAGGGCTA
bta-miR-744 64
R:ATCCAGTGCAGGGTCCGAGG

) F:CGGATTCGCTATGGCTTTTTATTCCT
bta-miR-135a 61
R:ATCCAGTGCAGGGTCCGAGG

) F:CGATACGTTCACCACCTTCTCCA
bta-miR-197 62
R:ATCCAGTGCAGGGTCCGAGG

) F:CGGTCCTGTGCAAATCCATGCAA
bta-miR-19b 62
R:ATCCAGTGCAGGGTCCGAGG

] F:CGGCCGGTAATGCCCCTAAAAAT
bta-miR-365-3P 62
R:ATCCAGTGCAGGGTCCGAGG

) F:GGCTGGTATGGCACTGGTAGAAT
bta-miR-183 61
R:ATCCAGTGCAGGGTCCGAGG

] F:CGGCGGTAAAGTGCTTATAGTGC
bta-miR-20a 60
R:ATCCAGTGCAGGGTCCGAGG

U6 F:GCTTCGGCAGCACATATACTAAAAT 60
R:CGCTTCACGAATTTGCGTGTCAT
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Table 3 Categorization of reads of small RNAs &edent groups

Sample control LPS

raw reads 7344770 7237639
N% >10% 12 15

Low quality 8009 6627

5 adapter 141 177

3 adapter 94784 92500
With ployA/T/G/C 5642 5565
clean reads 7236182(98.52%) 7132755(98.55%)
exon 85895 107446
intron 367852 463136
Known miRNA 906 882
Novel miRNA 13 16
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Table 4 Categorization of reads of mMRNAs at diffieigroups

Sample control LPS

raw reads 43276962 37003950
Clean reads 41263672 35251970
Q20 (%) 95.32 95.35

Q30 (%) 88.9 89

GC content (%) 50.74 49.99
Total mapped 37896748 32494500
Uniquely mapped 37389034 32125482
Reads map to“+” 19295836 16558117
Reads map to"-" 18600912 15936383
Error% 0.0168 0.0166
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Table 5 Differentially expressed miRNAs in LPS caregxd with the control

mMiRNA g value Direction

bta-miR-99b 0 +
bta-miR-183 6.87E-169 +
bta-miR-222 2.58E-80 +
bta-miR-504 3.45E-40 +
bta-miR-375 4.08E-36 +
bta-miR-1468 4.52E-29 +
bta-let-7c 1.63E-11 +
novel 12 4.47E-08 +
bta-miR-543 6.21E-06 +
bta-miR-296-3p 0.0004191 +
bta-miR-744 0.0097056 +
bta-miR-193b 2.20E-19 —
bta-miR-495 1.42E-09 —
bta-miR-342 1.68E-07 —
bta-miR-197 4.07E-05 —
bta-miR-365-3p 5.07E-05 -
bta-miR-20a 0.000772 —
bta-miR-19b 0.003055 —
bta-miR-362-5p 0.003055 -
bta-miR-135a 0.009706 —

“+"and“-"mean refers to sense strands and anti-sginanad, respectively.
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Table 6 Differentially expressed mRNAs in LPS congplawith the control

MRNA p value Direction
ADAMTS5 5.00E-05 +
ZIP14 0.00015 +
A20 2.00E-04 +
ST2 5.00E-05 +
IL1A 0.00015 +
COX1 1.00E-04 +
CDh141 5.00E-05 +
BIRC2_3 5.00E-05 +
CDH13 3.00E-04 -
DES 5.00E-05 —
FLT1 5.00E-05 —
CSPG4 5.00E-05 —
SLCBA6S 5.00E-05 7
SLC14A 2.00E-04 -

NF66 0.00025 -
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Fig. 1 Length distribution and abundance of the N#Ribraries

Fig. 2 The data quality of the mRNA sequences.T#¢ data quality of control
group;(B) The data quality of LPS group;(a) Basegetage composition along
reads;(b) Distribution of mean error;(c)Distributiof qualities.

Fig. 3 Differentially expressed profiles of mRNAA)(Heatmaps and hierarchical
cluster of mMRNA expression. (B) qRT-PCR resultselected differentially expressed
MRNAs. (C) Scatter plot of mMRNA in control and LB®ups. (D) Volcano plot of

MRNA in control and LPS groups. P0.01

Fig. 4 Differentially expressed profiles of miRNAA) Heatmaps and hierarchical
cluster of miRNA expression. (B) gRT-PCR results sd#lected differentially
expressed miRNAs. (C) Scatter plot of mRNA in cohtand LPS groups. (D)
Volcano plot of mMRNA in control and LPS groupsP&0.01

Fig.5 The results of GO and KEGG enrichment analgdidifferentially expressed
MiRNAs and target genes. (A) The 30 GO terms fro® érichment analysis. (B)
The number of enriched KEGG pathways is 20.

Fig. 6 The interaction between miRNAs and targetege (A) Differentially expressed
MiIRNA-mRNA pairs and regulatory network between tconand LPS groups.
MiRNA and mRNA expression level in LPS and contogi gRT-PCR. (B) The
expression level of bta-miR-19b, bta-miR-135a arldA%T2; (C) The expression
level of bta-miR-197 and YEAST2, BET1, CYB5R1. (Dhe expression level of
bta-miR-744 and LYPLAZ2. *P<0.01; * P<0.05

Supplementary Fig. A. The results of GO enrichmemdlysis. The 80 significantly
enhanced GO terms from GO enrichment analysis.
** P<0.01; * P<0.05

Supplementary Fig. B. The results of KEGG enrichtvaaralysis of 66 significantly

enriched KEGG pathways
** P<0.01; * P<0.05
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Highlights

1. miRNA and mRNA expression profiling of bovine endometrial cells
treated with LPS
2. Integrating analysis of miRNA and mRNA expression profiles of

bovine endometria cells treated with LPS



