BIOCELL
2021 45(4): 1033-1044

K Tech Science Press

Long intergenic noncoding RNAs differentially expressed in
Staphylococcus aureus-induced inflammation in bovine mammary

epithelial cells

JinGgPENG ZHOUM**; X1A0GUANG JI*%; YuHAO WANG!?; X1a0LONG WANG!?; YONGIIANG MAQ'?*; ZHANGPING YANG!>*

! College of Animal Science and Technology, Yangzhou University, Yangzhou, 225009, China

2 Joint International Research Laboratory of Agriculture and Agri-Product Safety, Ministry of Education, Yangzhou University, Yangzhou, 225009, China

> Hubei Blue Valley Microbial Technology Co., Ltd., Yichang, 44300, China

Key words: Mastitis, Staphylococcus aureus, Bovine mammary epithelial cells, IncRNA

Abstract: Cow mastitis is the most common disease that affects the dairy farming industry and causes serious harm to
dairy cows and humans, and Staphylococcus (S.) aureus is one of the main pathogens that cause mastitis in dairy cows. In
this study, a mastitis model was established through the infection of bovine mammary epithelial cells (BMECs) with
S. aureus (bacterial concentration of 1 x 10°/mL), and these cells and a blank group (untreated) were analyzed by
flow cytometry (10000 cells, 200 cells collected per second), hematoxylin and eosin (H&E) staining and
immunohistochemistry. In addition, the IncRNAs (long non-coding RNAs) in the normal and S. aureus-infected
cytometry, H&E

immunohistochemistry assays were performed to verify the successful construction of an S. aureus infection model in

BMEC group were screened by second-generation sequencing. Flow staining, and
BMECs. A close relationship was found between the differential expression of IncRNAs and S. aureus mastitis. The
total original sequencing reads were 627.13 M, and the average reads from each sample were approximately 104.52 M.
After removing the unwanted reads, the total clean reads were 606.43 M, and the average reads from each sample
were approximately 101.07 M. After S. aureus infection, 30 IncRNAs were differentially expressed, and these included
21 upregulated and nine down-regulated IncRNAs. This research will not only expand our understanding of the

IncRNA map in dairy cows but also help us hypothesize the function of IncRNAs in the genome and identify novel

molecular markers of mastitis.

Introduction

Mastitis is a mammary gland disease associated with a high
prevalence and high economic loss that not only affects the
production and quality of quality but also endangers human
health (De Vries et al, 2018; Fujimoto et al, 2020).
Pathogenic microorganism infection is the main cause of
cow mastitis, and Staphylococcus (S.) aureus is one of the
most important pathogens causing mastitis in dairy cows
(Monistero et al., 2020). S. aureus is sensitive to some
antibiotics (amoxicillin and cephalosporin) but easily
develops drug resistance (Bandyopadhyay et al, 2015;
Hasanian et al., 2020). In addition, antibiotic residues in
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milk are associated with substantial food safety concerns
(Tanhaeian et al., 2020; Zorraquino et al., 2011) related to
human health (Pitkala et al., 2004). Therefore, the study of
using nonantibiotics for the treatment of mastitis has
become a focus of research regarding the prevention and
treatment of mastitis in recent years. Animal disease models
are mainly used in experimental physiology, pathology, and
therapeutics (including new drug screening) (Freyssin et al,
2020). The development of mastitis is very complex, and the
use of dairy cows as an experimental model to further
explore the pathogenesis of this disease will result in the
relatively slow development of a treatment for mastitis
(Chen et al., 2018). Through indirect studies using a cell
model, we can experimentally change factors that are
impossible or difficult to manipulate under natural
conditions, thus observe the experimental results of this
manipulation more accurately and subsequently perform a
comparative study with mastitis disease. This approach will
be helpful for obtaining an understanding of the occurrence
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and development of mastitis using a more convenient and
effective approach and for studying prevention and control
measures. The purpose of this study was to construct a
pathological model of BMECs infected with S. aureus and
perform IncRNA screening using this S. aureus-infected
model. A few studies have investigated IncRNAs in BMECs,
but the analysis of IncRNAs in S. aureus models of BMECs
has not been reported. Therefore, studying the expression
profile of IncRNAs in normal and infected BMECs will be of
great significance for identifying molecular markers of
mastitis (Ozdemir and Altun, 2020; Wang et al., 2019b;
Wang et al., 2020).

A number of studies have investigated IncRNAs. In 2012,
Qu et al. identified 12614 intergenic IncRNAs and 9337
intragenic ncRNAs in expressed sequence tags (ESTs) in
cattle (Qu and Adelson, 2012). Huang et al. (2012) predicted
449 unknown IncRNAs with lengths greater than 200 bp and
multiple exons distributed in 405 intergenic regions in the
EST database of cows (Huang et al, 2012). In 2013, Weikard
et al. used next-generation sequencing technology to identify
intergenic IncRNAs in cattle skin and found 4848 IncRNAs,
most of which were intergenic IncRNAs. In 2014, Weikard
et al. used the same technology to identify intergenic
IncRNAs in cattle muscle and found 584 intergenic IncRNAs
(Weikard et al., 2013). Koufariotis et al. identified IncRNAs
in 18 tissues of cattle and compared these with those of
humans and mice (Koufariotis et al., 2015). Cow mastitis is a
very complex disease due to its multiple disease-causing
factors. S. aureus-induced mastitis, which is one of the main
research interests of our lab, is a complicated and regulated
process involving IncRNA regulation (Ma ef al., 2019a; Wang
et al., 2019b; Wang et al., 2020).

Previous studies have shown that IncRNAs (>200 nt) are
involved in the regulation of gene expression during the
disease process (Li et al, 2021; Ma et al, 2019b). Although
these were originally considered transcripts in the “junk DNA”
region of the genome, IncRNAs are becoming increasingly
known as key regulators in various life fields, such as the
biological processes of development, differentiation, and
disease (Sebastian-Delacruz et al, 2021). Studies have shown
that IncRNAs regulate the physiology of cows at multiple
levels, but the research on the roles of IncRNAs in the
regulation of cow pathology is very limited. Our objectives
were (1) to screen IncRNAs, (2) to identify intergenic IncRNAs
that are differentially expressed in S. aureus-induced
inflammation in BMECs compared with noninfected cells, and
(3) to hypothesize the function of IncRNAs in the genome and
identify novel molecular markers of mastitis. This study will
not only improve our understanding of the function of the
mammary gland and the molecular mechanism of mastitis at
the molecular level of RNA but also provide new methods and
ideas for the prevention and treatment of mastitis.

Materials and Methods

Cell culture

The mammary gland tissue was collected via an operation.
Three dairy cows at the peak of lactation were selected for
mammary gland biopsy (Chen et al., 2019b). After washing
with phosphate-buffered saline (PBS), fat and connective
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tissues were removed. BMECs were separated using the
tissue block method, purified by differential digestion, and
cryopreserved after subculturing (Chen et al, 2019b). The
laboratory has established culture technology for BMECs
(Chen et al., 2019a). The basic medium used for primary
mammary epithelial cells of dairy cattle is composed of
Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Sigma,
China) and 10% fetal bovine serum (Sigma, China)
supplemented with a variety of cytokines (5 pug/mL bovine
insulin, 10 kU/L penicillin/streptomycin). The thawed
mammary epithelial cells were cultured at 37°C and 5%
CO,, and the medium was changed once every 48 h. The
BMECs were digested with 0.25% trypsin for passage, and
the growth of the cells was observed using an inverted
microscope (LEICA, DMI3000B) (Chen et al., 2019b).

Construction of the S. aureus model

S. aureus was cultured and thawed one day before use. Single
colonies were selected, placed on LB liquid culture medium,
and incubated on a shaker for 4 h, which resulted in a
bacterial concentration of 1 x 10°/mL. One milliliter of
suspension was centrifuged at 10000 rpm for 10 min. The
supernatant was resuspended in the same amount of
DMEM (Sigma, China). The cells were treated at a
multiplicity of infection (MOI) of 100:1 for 3 h, the
supernatant was aspirated, and the cells were washed with
PBS (Chen et al., 2018).

Detection of apoptosis by flow cytometry

Annexin V (5 uL) and PI (10 uL) were added to the system,
and the cells were incubated in the dark at room
temperature for 20 min. Annexin V-FITC/PI is the most
commonly used reagent for the detection of cell apoptosis.
These two types of fluorescein can be excited by a laser at
488 nm and then observed in the first (FITC) and third
(ECD) channels. The entire cell population can be analyzed
to determine the proportion of apoptotic cells (Chen et al,
2019¢c). Cell apoptosis was detected using a computer
(Beckman, USA).

H&E staining of cells

The treated cells were dewaxed with xylene for 10 min, and the
xylene was then washed off with 100% ethanol. The cells were
subsequently hydrated with 95%, 85%, and 75% ethanol for
5 min. Hematoxylin staining was performed for 3 min, and the
cells were then washed with water for 2 min. The sections were
subsequently differentiated with 1% hydrochloric acid alcohol
for 2 s and rinsed with water for 15 min. In the experiment, a
drop of neutral gum was added to the center of the paraffin
section, and the section was sealed with a cover glass. The
sections were observed, and images were taken under a
microscope (Dmi4000b inverted fluorescence microscope, Leica,
DM2000 LED Germany) (Ohtomo et al, 2021; Wei et al., 2020).

Immunohistochemistry of cells

The sections were dewaxed, hydrated, and subjected to two
10-min washes with xylene. The slides were then incubated
with 100%, 95%, 85%, and 75% ethanol for 5-10 min and
soaked in distilled water for 5 min. For antigen retrieval, the
sections were incubated in citrate buffer (pH 6.0) and
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heated in a microwave at high heat for 8 min. The cells were
then subjected to three 3 min-washes with 1x PBS (pH 7.2-
7.6) and then incubated with 3% H,0O, at room temperature
for 10 min to inactivate endogenous peroxidases. The slides
were then incubated with the following primary antibodies:
tumor necrosis factor-alpha (TNF-a; Invitrogen, Product #14-
7321-81) and interleukin 4 (IL-4; Invitrogen, Product #PA5-
25165). The secondary antibodies were then added, and the
slides were incubated at 37°C for 1.5 h and subjected to three
5-min washes with PBS. After the runoff was transparent, the
slides were subjected to two 10-min incubations with xylene
(Wang et al, 2019). Each slide was sealed with neutral gum
and observed under a microscope (Chen et al, 2020; Zhang
et al., 2021). Sequencing was performed by Shanghai Jingzhun
Biomedical Co., Ltd., Shanghai, China.

Construction and sequencing of the sequencing library

Total RNA (ribonucleic acid) was extracted using a kit
according to the instructions provided. rRNA was removed
using the Ribo-Zero Gold rRNA Removal Kit (Sigma, USA).
After obtaining RNA samples of sufficient quality, the
library was constructed, and the steps included single-chain
synthesis, the addition of a 3’ terminal plus-strand poly(A)
and plus-strand splice site, PCR enrichment, and any other
steps needed to complete the construction of the sequencing
library (Xing et al, 2020). Quantitative analysis of the
library (using a qubit machine) and Illumina HiSeq 3000
sequencing were then performed (Andric et al, 2021;
Wang et al., 2020).

Genome alignment and assembly of sequencing data

The clean data obtained in the previous step were compared to
the reference genome (Bos taurus UMD3.1) using TopHat2
software. The reads used in the comparison were assembled
using Cufflinks, and all the assembled transcripts were
combined into a single transcript using Cuffcompare
(Wang et al., 2019b).

Differential expression analysis of IncRNAs

To identifying real and reliable IncRNAs with a low false-positive
rate, IncRNAs need to be screened using strict conditions. The
coding-noncoding index (CNCI), coding potential calculator
(CPC), PfamScan (Pfam), and predictor of long noncoding
RNAs and messenger RNAs, based on an improved k-mer
scheme (PLEK), were used to predict the sequences of
IncRNAs. The overlapping results from the predictions
obtained using the four software programs were defined as
IncRNAs. The differential expression of IncRNAs between
normal BMECs and S. aureus-infected BMECs was
determined using the Cuffdiff program, which uses the
number of fragments per thousand base length for a protein-
coding gene per million fragments (FPKM) (Hou et al.,, 2020).
FPKM is the most commonly used method to estimate the
expression level of protein-coding genes and considers both
the sequencing depth and the length of the protein-coding genes.

Detection of IncRNA expression

PrimeScript from Baobio Company (Dalian, China) was used
with a Gamma RT Reagent kit with gDNA Eraser for cDNA
synthesis in this study. The synthesized cDNA was diluted
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1:100 and stored at —-80°C. The IncRNAs were then
amplified and detected using SYBR® Premix Ex Taq™ II
and specific reverse transcripts. Each real-time fluorescent
quantitative PCR was included in three replicate wells. The
expression of other genes was quantified based on that of
18S rRNA, which served as the internal reference gene. The
fold change in the target gene relative to the average value
of the control group was determined using the 274
method (Suppl. Tab. S1) (Ma et al., 2019a).

Statistical analysis

SPSS 18.0 (SPSS Inc., Chicago, IL, USA) software was used for
the statistical analyses, and continuous variables are
represented as the means + standard deviations (Chen et al.,
2019b). One-way ANOVA was used to analyze the variance
and significance of the differences, and P < 0.01 and
P < 0.05 were considered to indicate a significant difference.
The graphs were generated using GraphPad Prism V5.0.

Results

Construction of the S. aureus mastitis model (in vivo)

To verify the effect of S. aureus on inducing apoptosis in
BMECs, we successfully constructed a model of S. aureus
infection in BMECs. As demonstrated by flow cytometry,
the apoptosis rate of mammary epithelial cells infected
with S. aureus was significantly higher than that of the
control cells. The proportion of early-apoptotic cells
increased from 1.90% to 22.13%, and that of late-apoptosis
cells increased from 3.24% to 16.13% (Fig. 1). We also
observed the cell state of the different treatment groups. As
shown by HE-staining, the cells in the control group were
in good condition, whereas the nuclei of the cells in the
S. aureus-infected group were significantly hyperchromatic
(Fig. 2). The estimation of the protein expression levels of
TNF-a and IL-4 based on staining showed that large
amounts of TNF-a (Fig. 3) and IL-4 (Fig. 4) proteins were
expressed in the S. aureus-infected cells. These experiments
showed that the model of S. aureus mastitis was
successfully constructed.

Analysis of the sequencing quality

To determine the differential expression of IncRNAs in
normal and S. aureus-infected BMECs, we used the two-
terminal 150-bp sequencing mode of the HiSeq 3000
sequencing platform developed by Illumina and analyzed six
samples, namely, three samples from the uninfected group
(Control_1, Control_2, and Control_3) and three S. aureus-
infected samples (S. aureus 1, S. aureus 2, and S. aureus 3).
The total raw reads obtained were 627.13 M, and the
average reads from each sample were approximately
104.52 M. The original sequencing data were processed, and
sequences containing adapter reads, N, or rRNA and
showing an abnormal length or low quality were filtered out
(Tab. 1). The total clean data reads were 606.43 M, and the
average reads from each sample were approximately 101.07
M. The high-quality clean data accounted for 91.38% to
94.54% of the original sequence, which indicated a good
sequencing quality and that most of the sequencing data
were of sufficient quality.



1036 JINGPENG ZHOU et al.
A CCCCCC1:P1 B ddddd1 : P1
¢ JQ1-UL{0.60%) . Q1-UR(3.24%) J101-UL(4.92%) - | @1-UR{16.13%)
'oc T - 'OQ T ' 5 g
<5 < %
O 3 O ~ 3
O = [&] =
w ] w ]
o A oA
L G
v s e - ] FIGURE 1. Fl try detecti
=3 : © " Q1-LR(1.90%) =3 _ . Flow cytometry detection
B B 1 e ) R e R =TT —T=TT1T Ofapoptotic BMECs.
10° 104 108 108 10° 10% 10° 10° A: Blank control group. B: S. aureus-
FITC-A FITC-A treated group.

Genome alignment and assembly of sequencing data

A comparison of the clean data with the bovine reference
genome UMD3.1 using TopHat2 software yielded a
comparison rate ranging from 81.09% to 98.49% (Tab. 2).
The results showed that most of the sequencing results
were bovine sequences, which also revealed the absence of
RNA pollution from other species in the data obtained in
the previous study. The alignment sequence was
assembled using Cufflinks software for the next step of
the IncRNA analysis.

Prediction and analysis of IncRNAs

For the identification of real and reliable IncRNAs with low
false-positive rates, strict conditions need to be used for the
screening of IncRNAs. The CPC, PLEK, CNCI, and Pfam
software programs predicted 1657 noncoding transcripts,
1267 noncoding transcripts, 1638 coding transcripts, and
2380 noncoding transcripts, respectively. Based on a

FIGURE 2. H&E staining of the blank
control and S. aureus-treated groups.
A (40x magnification) and B (100x
magnification): blank control group.
C (40x magnification) and D (100x
magnification): S.  aureus-treated
group. All the experiments were
performed in duplicate and repeated
three times.

comprehensive analysis of the predicted results from the
four software packages, the overlapping IncRNAs in the
results from the four software packages were defined as the
final IncRNAs. The results are shown in Fig. 5, and 1029
IncRNAs were ultimately identified.

Analysis of IncRNA expression levels

A box and whisker plot uses five data statistics: minimum, first
quartile (25%), median (50%), third quartile (75%), and
maximum. This plot can also roughly indicate whether the
data exhibit symmetry, the degree of distribution of the
data, and other information. As shown in Fig. 6, the
symmetry of the test sample was relatively good.

The abscissa shows the sample name, and the ordinate
shows the logl0O(FPKM+1) values. The box graph for each
region shows five statistics (maximum, upper quartile,
median, lower quartile and minimum from top to bottom).
C: blank control group. D: S. aureus-treated group.
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FIGURE 3. TNF-a protein
immunohistochemistry of the blank
control and S. aureus-treated groups.
A (40x magnification) and B (100x
magnification): blank control group.
C (40x magnification) and D (100x
magnification): S.  aureus-treated
group. All the experiments were
performed in duplicate and repeated
three times.

FIGURE 4. 1IL-4 protein
immunohistochemistry of the blank
control and S. aureus-treated groups.
A (40x magnification) and B (100x
magnification): blank control group.
C (40x magnification) and D (100x
magnification):  S.  aureus-treated
group. All the experiments were
performed in duplicate and repeated
three times.

TABLE 1 TABLE 2
Sequencing data quality Alignment analysis of clean read with bovine genomics
Sample Raw reads Clean. Data Percentage Sample Total reads Total mapped Mapped ratio(%)
Control_1 9343 M 88.64 M 91.38% Control_1 88641480 71879121 81.09%
Control_2 111.54 M 107.85 M 94.03% Control_2 107849190 106217352 98.49%
Control_3 104.38 M 100.62 M 93.36% Control_3 100619656 98864840 98.26%
S. aureus_1 99.76 M 97.47 M 94.60% S. aureus_1 97473800 82167513 84.30%
S. aureus_2 106.09 M 103.16 M 94.54% S. aureus_2 103162670 101461178 98.35%
S. aureus_3 111.93 M 108.69 M 94.20% S. aureus_3 108689094 106476712 97.96%
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Differential expression analysis of IncRNAs

The comparison of normal mammary epithelial cells and S. aureus-
infected mammary epithelial cells identified 30 differentially
expressed IncRNAs. Among them, TCONS_00001500 showed
3.79-fold upregulation, and TCONS_00027546 exhibited 2.47-fold
upregulation, whereas the expression of TCONS_00001464 was
downregulated 2.88-fold (Fig. 7, Suppl. Tab. S2).

Analysis of the GO enrichment of differentially expressed
IncRNAs

After obtaining the differentially expressed IncRNAs, we
performed an enrichment analysis according to the GO
functional annotations of the IncRNA source genes,
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analyzed the genes adjacent to the differentially expressed
IncRNAs, and described their functions (combined with the
GO annotation results). The method used for GO functional
enrichment analysis was based on using all IncRNAs as the
background list and the list of differentially expressed
IncRNAs as the candidate list, screened from the
background list. The hypergeometric distribution test was
used to calculate the P-value of a representative GO
function in the list of differential IncRNAs, and the P-value
was corrected using the Benjamin-Hochberg procedure for
multiple tests to obtain the false discovery rate (FDR). The
GO annotation results indicate that the differentially
expressed IncRNAs might participate in biological attention,
biological regulation, cell killing, cell component
organization or biogenesis, cell process, development
process, establishment of localization, and immune system
process, am ong other functions (Fig. 8, Suppl. Tab. S3).

Analysis of the KEGG pathway enrichment of the differentially
expressed IncRNAs

KEGG is the main public database used for pathway analyses,
and in this study, this database was used to analyze the
pathways enriched in the differentially expressed IncRNAs
based on KEGG annotation results. In addition, the
hypergeometric distribution test was used to calculate the
significance of the enrichment of the differentially expressed
IncRNAs in each pathway entry. The calculated results will
return a P-value indicating the degree of enrichment, and a
small P-value indicates that the differentially expressed
IncRNAs were enriched in the pathway. The results from
the KEGG pathway analysis indicate that the differentially
expressed IncRNAs might participate in aging, the
circulatory system, development, the digestive system, the
endocrine system, environmental adaptation, the exception
system, and the immune system, among other pathways
(Fig. 9, Suppl. Tab. S4).

RT-PCR verification of differentially expressed IncRNAs

Four different IncRNAs, namely, TCONS_00001500
(Fig. 10A), TCONS_00027546 (Fig. 10B), TCONS_00001464
(Fig. 10C) and TCONS_00007608 (Fig. 10D), were further
analyzed by fluorescent quantitative PCR. As shown in
Fig. 10, their expression trends were consistent with the
results obtained by second-generation sequencing. For
example, the  second-generation  sequencing  of
TCONS_00001500 showed that it was upregulated 3.79-fold
in the infected cells, whereas the quantitative fluorescence
analysis revealed that it was upregulated 2.25-fold. The
second-generation ~ sequencing of TCONS_00027546
revealed 2.47-fold upregulation in the infected cells, and
quantitative fluorescence analysis showed that it was
upregulated 2.49-fold.

Discussion

In 1976, the study conducted by Chandler and colleagues
aimed to observe experimental mastitis in mice with
reference to summer mastitis in cattle and successfully
constructed the first mouse model of mastitis induced by
S. aureus (Chandler et al, 1976). The structure of the
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mammary gland of mice is similar to that of cows, and mice
can yield more samples and are more economical
(Greenhalgh and Turos, 2009; Lepak and Andes, 2016).
However, mice are small in size, and unwanted damage to
their mammary gland can easily be caused during surgery.
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FIGURE 7. Heatmap of differentially
expressed IncRNAs obtained from
the comparison of the blank control
and S. aureus-treated groups.

C: blank control group. D: S. aureus-
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Some experiments have established acute mouse mastitis
models induced by S. aureus and Streptococcus lactis
(Mordmuang et al., 2019). In these models, the number of
mast cells increases gradually, and the cytoplasm is filled
with easily stained granules that are unevenly distributed.
The degranulation state is also substantial and even exhibits
depletion of granules, and a certain degree of mast cell
infiltration can be detected in the acini. In addition, the
expression of TNF-a, IFN-y, and IL-4 is increased at the
early stage of inflammation. A mouse model of mastitis
induced by S. aureus has been successfully constructed
(Zhang et al., 2010). According to the number of leukocytes
and HE-staining, the two indexes were consistent with
clinical manifestations. The analyses have shown that the
injection of 50 pl of S. aureus (1.2 x 10° CFUs/mL) into a
mouse can induce the typical symptoms of mastitis. qRT-
PCR and Western blot analyses have shown that with
increases in the S. aureus concentration used for infection,
the expression of IL-2 in mammary gland tissue first
increases and then decreases, whereas the expression of IL-4
first decreases and then increases (Komura et al., 2005). In
this study, flow cytometry was used to detect the apoptosis
of mammary epithelial cells treated with S. aureus. In
addition, the infection upregulated the expression levels of
the TNF-a and IL-4 genes, as demonstrated by
immunohistochemistry. This finding is consistent with
previous findings, which showed that IL-4 expression is



1040

JINGPENG ZHOU et al.

KEGG Pathway Classification

Cellular Processes--Transport and catabolism
Cellular Processes--Cellular community - eukaryotes
Cellular Processes--Cell motility

Cellular Processes--Cell growth and death

Envirc | Inf ion Pre ing--Signaling molecules and interaction

Environmental Information Processing--Signal transduction
Environmental Information Processing--Membrane transport 4
Genetic Information Processing--Translation
Genetic Information Processing--Transcription 6
Genetic Information Processing--Replication and repair
Genetic Information Processing--Folding, sorting and degradation
Metabolism--Xenobiotics biodegradation and metabolism 8
Metabolism--Nucleotide metabolism
Metabolism--Metabolism of other amino acids 6
Metabolism--Metabolism of cofactors and vitamins
Metabolism--Lipid metabolism 18
Metabolism--Glycan biosynthesis and metabolism 12
Metabolism--Global and overview maps 7
Metabolism--Energy metabolism 2
Metabolism--Carbohydrate metabolism 19
Metabolism--Amino acid metabolism 16

Organismal Systems--Sensory system 18

Organismal Systems--Nervous system 22

Organismal Systems--Immune system

Organismal Systems--Excretory system 4
Organismal Systems--Environmental adaptation 9
Organismal Systems--Endocrine system
Organismal Systems--Digestive system 16
Organismal Systems--Development

Organismal Systems--Circulatory system

Organismal Systems--Aging 10

31
45

49

88

Type
1 ALL
DEG

4

39

10 20 30
Percent of Genes(%)

FIGURE 9. KEGG functional annotation of potential target genes of differentially expressed IncRNAs identified from the comparison of the

blank control and S. aureus-treated groups.

increased at the early stage of inflammation (Zhang et al,
2010). It has been suggested that the immune response can
be effectively promoted, which will eventually lead to the
occurrence of S. aureus mastitis. A model of S. aureus
mastitis has been successfully constructed, and this work
provides a scientific theoretical basis for further exploration
of the pathogenesis of mammalian mastitis in the future and
reliable technical support for further research. We also
expanded the knowledge regarding S. aureus-induced
mastitis related to the processes of IncRNA regulation. The
IncRNA profile can be used as a network biomarker to
predict the response to mastitis and to help further
understand the molecular basis of different responses. The
use of S. aureus models of dairy cow mammary epithelial
cells for the study of IncRNAs has not been reported. The
IncRNAs in the normal and S. aureus-infected BMEC
groups were screened by second-generation sequencing.
These findings will not only expand our understanding of
the IncRNA profile in dairy cows but also help us
hypothesize the functions of IncRNAs in the genome and
identify novel molecular markers of mastitis.

With the continuous development of genomic
technology, researchers have obtained a more in-depth
understanding of many biological transcripts, and these
findings have changed the theories regarding the roles of
RNAs in gene regulation (Liu ef al., 2020). The use of these

new technologies has shown that the genomes of mammals
and other organisms can produce thousands of IncRNAs
without protein-coding ability (Hitachi et al, 2020).
According to their distance from protein-coding genes,
IncRNAs can be divided into the following categories:
noncoding RNAs (IncRNAs) between genes, which do not
overlap with any other genes (Zhao et al, 2019); IncRNAs
of introns, which are located in the intron region of a gene;
IncRNAs derived from bidirectional promoters, whose
transcriptional direction is opposite to the protein-coding
direction and which are located within 1 kb of the
promoter; enhancer IncRNAs, which are usually less than
2 kb away and are transcribed from the enhancer region of
the genome (Nowosad et al., 2019); sense IncRNAs, which
start from the sense chain encoded by the protein, can
partially overlap with the intron region and partially or
completely overlap with the exon; and antisense IncRNAs,
which are transcribed from another strand of DNA and
overlap with exons, introns, or both of protein-coding genes
(Deng et al., 2019). IncRNAs play a variety of functions in
chromosome remodeling, transcription, posttranscriptional
regulation, development, cancer, and inflammation. The
development of high-throughput sequencing technology and
chip technology has allowed the identification of some
IncRNAs, and an increasing number of studies have been
conducted on these IncRNAs (Graindorge et al, 2019).
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FIGURE 10. Fold changes in the expression of the differentially expressed IncRNAs obtained by RT-PCR and next-generation

sequencing (NGS).

A. TCONS_00001500 expression level determined by RT-PCR and NGS; B. TCONS_00027546 expression level determined by RT-PCR and
NGS; C. TCONS_00001464 expression level determined by RT-PCR and NGS; D. TCONS_00007608 expression level determined by RT-PCR
and NGS. The data are presented as the means =+ s.d.s of at least three independent experiments. *p < 0.05 and **P < 0.01, as determined using

two-tailed Student’s ¢ test.

Cui ef al. (2014) identified IncRNAs that show differential
expression after lipopolysaccharide (LPS) stimulation. In
their study, the most obviously upregulated IncRNA was
Inc-IL17R, which overlapped with the 3’ noncoding region
of the human IL17R gene. The researchers then transfected
Inc-IL17R into cells and found that this transfection reduced
the LPS-induced inflammatory response (Cui et al., 2014).
Another IncRNA, Ptprj-asl, is expressed in macrophages,
and high expression of this IncRNA can be immediately
induced by pro-inflammatory factors, such as LPS (Dave
et al., 2013). Rapicavoli et al. (2013) studied the expression
of IncRNAs induced by TNF-a and identified hundreds of
differentially expressed IncRNAs, including 54 pseudogenes.
When TNF-a activates the NF-«kB signaling pathway, the
IncRNA Lethe is selectively induced by binding to NF-«xB
transcription factors and preventing its binding to DNA
(Rapicavoli et al., 2013). These studies indicate that
IncRNAs play an important role in the inflammatory
response. However, similar studies of S. aureus infection in
BMECs have not been performed. Therefore, the study of

IncRNAs in S. aureus mastitis can increase our
understanding of IncRNA functions, provide guidance for
the prevention and treatment of mastitis, and identify
markers for screening mastitis. In this study, we compared
the expression of IncRNAs between normal and S. aureus-
infected mammary epithelial cells and identified 30
differentially expressed IncRNAs. These differentially
expressed IncRNAs are related to the invasion of mammary
epithelial cells by S. aureus, which might be due to
communication between cells, the defense mechanism
initiated by cells, or related pathways involved in the
inflammatory response, but these findings need further
study. These 30 differentially expressed IncRNAs can also be
used as markers of mastitis and as a reference standard for
the early detection of mastitis in the future.
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