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Abstract

Mastitis is a complex inflammatory disease caused by pathogenic infection of mammary tissue in dairy cows. The
molecular mechanism behind its occurrence, development, and regulation consists of a multi-gene network includ-
ing microRNA (miRNA). Until now, there is no report on the role of miR-125b in regulating mastitis in dairy cows. This
study found that miR-125b expression is significantly decreased in lipopolysaccharide (LPS)-induced MAC-T bovine
mammary epithelial cells. Also, its expression is negatively correlated with the expression of NF-kB inhibitor interact-
ing Ras-like 2 (NKIRAS2) gene. MiR-125b target genes were identified using a double luciferase reporter gene assay,
which showed that miR-125b can bind to the 3’ untranslated region (3’ UTR) of the NKIRAS2, but not the 3'UTR of
the TNF-a induced protein 3 (TNFAIP3). In addition, miR-125b overexpression and silencing were used to investigate
the role of miR-125b on inflammation in LPS-induced MAC-T. The results demonstrate that a reduction in miR-125b
expression in LPS-induced MAC-T cells increases NKIRAS2 expression, which then reduces NF-kB activity, leading to
low expression of the inflammatory factors IL.-6 and TNF-a. Ultimately, this reduces the inflammatory response in
MAC-T cells. These results indicate that miR-125b is a pro-inflammatory regulator and that its silencing can alleviate
bovine mastitis. These findings lay a foundation for elucidating the molecular regulation mechanism of cow mastitis.

Keywords: miR-125b, bovine mammary epithelial cell, inflammation, NF-«kB

Introduction

Bovine mastitis is an inflammatory disease caused by
pathogenic infection of mammary tissue and is one of the
most common diseases found on dairy farms [1]. Infec-
tion of the mammary tissue by pathogenic microorgan-
isms increases the secretion of inflammatory cytokines by
bovine mammary epithelial cells (bMECs). This induces
cellular immune and inflammatory responses, leading to
the recruitment of white blood cells to the infection site
[2—4]. Ultimately, a potent immune system is activated,
preventing the bacteria from further invading the mam-
mary tissue and eliminating existing infections to restore
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the normal function of the mammary glands [4]. These
findings show that the molecular mechanism behind the
occurrence and development of mastitis is very com-
plex. In recent years, researchers have screened mastitis
related genes and studied their molecular regulation [5,
6]. However, most of the currently identified genes can-
not be effectively used in molecular breeding for mas-
titis resistance. Therefore, it is imperative to identify
additional genes and explore the molecular mechanism
behind their link to mastitis.

MicroRNA (miRNA) is a recently discovered class
of endogenous non-coding RNA with an approxi-
mate length of 18-22 nt. MiRNA enables rapid cellular
responses upon cell stimulation by extracellular signals
and consequently fine-tune the regulation of many bio-
logical processes including inflammation [7-10]. As an
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important member of the miRNA family, miR-125b reg-
ulates the expression of TNF-a [11, 12], TNFAIP3 [13,
14], and NKIRAS2 [15] in humans. These three genes
are related to the cellular inflammatory response. Nev-
ertheless, there is less similarity between target genes of
miR-125b in bovines and humans, suggesting that the
function of human miR-125b may not be completely con-
sistent with that of cattle. To date, there are no reports on
the regulation of inflammation or mastitis by miR-125b
in dairy cows. However, miR-125b is significantly down-
regulated in mammary tissue obtained from dairy cows
clinically diagnosed with mastitis [16] or in Staphylococ-
cal enterotoxin B (SEB) treated bMECs [17], suggesting
that bovine miR-125b may play a critical role in masti-
tis. To explore the regulatory role of miR-125b in bovine
mastitis, we conducted a study on the molecular mecha-
nism of miR-125b at the cellular level. This study lays a
foundation for future studies on the molecular network
behind bovine mastitis.

Materials and methods

Cell culture

Bovine mammary epithelial cells line MAC-T [18] was
used to examine the expression level of miR-125b related
genes and study the molecular regulatory mechanism of
miR-125b on cell inflammation. The cells were cultured
in DMEM/F12 medium (GE Healthcare Life Sciences
Hyclone Laboratories, South Logan, Utah) containing
10% EBS (BI, Israel Beit Haemek Ltd.). Human embry-
onic kidney (HEK) 293 T cells that were used to identify
bovine miR-125b target genes were cultured on a high-
glucose DMEM (GE Healthcare Life Sciences Hyclone
Laboratories, South Logan, Utah) containing 10% FBS
(BI, Israel Beit Haemek Ltd.). The two types of cells were
cultured in vitro in a 5% CO, incubator at 37 °C.

Induction of inflammation in MAC-T Cells

Inoculated MAC-T cells were cultured in vitro in a 6-well
cell culture plate. When the cell monolayer grew to
60—70% confluence, the cell culture medium was changed
and 50 ng/pL LPS was added to each well (liquid medium
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culture served as a negative control) [19]. The cells were
further incubated for 3 h to allow the induced MAC-T to
produce an inflammatory response.

Target gene prediction and identification

The online tool TargetScan 7.0 was used to predict
the target genes of bovine miR-125b. Dual-luciferase
reporter assay was performed to identify the target gene
in 293 T cells as described in our previous study [20]. In
brief, 3’ UTR and its site-specific mutated forms of the
predicted miR-125b target mRNA were amplified using
gene -specific primers (Table 1). The PCR amplicons
were purified then cloned into the Xho I-Not I site of the
psiCHECK -2 vector (Promega Corp., Madison, USA),
containing renilla and firefly luciferase reporter genes.
The recombinant plasmid constructs (CHECK2-3'UTR-
wt and CHECK2-3'UTR-mut) were extracted using a
Endo-free Plasmid Mini Kit (Omega Bio-Tek, Inc., USA)
and verified by DNA sequencing.

Then, 0.5 pg CHECK2-3'UTR-wt+0.5 pg of miR-
125b mimic, 0.5 pg of CHECK2-3'UTR-wt+0.5 pg of
NC_ mimic (Cy3 labeled, negative control group), and
0.5 pug of CHECK2_3'UTR (blank control group) were
separately transfected into 293 T cells using 2.0 pL of
X-tremeGENE HP DNA Transfection Reagent (Roche,
Penzberg, Germany) according to the manufacturer’s
protocol. Transfection efficiency was assessed by fluores-
cence microscopy (Additional file 1: A, B). Renilla lucif-
erase activity and firefly luciferase activity were examined
at 48 h post-transfection using the Dual-Luciferase
Reporter Assay System (Promega Corp., Madison, USA),
according to the manufacturer’s instructions. A signifi-
cant reduction in the relative activity (Renilla/Firefly) of
CHECK2-3'UTR-wt+ miR-125b mimic group was used
to determine whether the predicted target gene is indeed
the target gene of miR-125b.

Transfection of MAC-T cells

Bovine miR-125b mimic and inhibitor, and a Cy3-labeled
negative control (NC, mismatched negative control
mimic) were synthesized by Guangzhou RiboBio Co.,

Table 1 Primers used for amplification of NKIRAS2 and TNFAIP3 for psiCHECK -2 recombinant vector construction.

Primer name Primer sequence (5’-3) Size (bp)
NKIRAS2-wt F: 5/ TTCCGCTCGAGTGGGGTAGTTGTGGGTCATT 3/ 791
R: 5/ AATACTAAGCGGCCGCCATTTCATTCCACCTCACCC 3/
NKIRAS2-mut F: 5" TGTAACTCTTCCCCTAGCTTCCTTTTCCTGCTTAG 3/ -
R: 5" TGACATGCTCCCTAAGCAGGAAAAGGAAGC 3/
TNFAIP3-wt F: 5" CTTGTGCCCTCGAGAAACCCAGAGCCAGTCCC 3/ 270

R: 5/ TTATCATTGCGGCCGCGCTCAGCCTCAGCATCAC 3/

The underlined sequence is the restriction endonuclease site for recombinant vector construction. The letter in bold indicates the introduced mutation



Luoreng et al. Vet Res (2021) 52:122

Ltd. and dissolved in sterile RNase-free ddH,O. When
inoculated MAC-T cells were cultured in 6-well plates
until 50-60% confluence, the mimic, inhibitor, and nega-
tive control (NC) of bovine miR-125b were respectively
transfected into MAC-T using the X-tremeGENE HP
DNA Transfection Reagent (Roche, Penzberg, Germany)
according to the manufacturer’s instructions. The final
concentrations of inhibitor, mimic, and NC were 150 nM,
75 nM, and 75 nM, respectively. Cy3-labeled NC and
qPCR of miR-125b were used to evaluate the efficiency of
transfection.

Total RNA extraction and reverse transcription

Total RNA was extracted from MAC-T cells using RNAiso
Plus reagent (Takara Biomedical Technology (Beijing) Co.,
Ltd.) according to the manufacturer’s instructions. The RNA
was eluted in sterile RNase-free ddH,O. The RNA concen-
tration and purity were determined using a continuous
wavelength microplate reader (Biotek Synergy SLXA, USA).
The RNA sample concentration was adjusted to 1000 ng/pL.
Reverse transcription (RT) of miR-125b and related mRNA
was performed using PrimeScript = RT reagent Kit with
gDNA Eraser (Takara Biomedical Technology (Beijing) Co.,
Ltd.). For RT reaction system and conditions, refer to Addi-
tional file 2.

Quantitative PCR

The expression of miR-125b, NKIRAS2, nuclear factor
kappa-B (NF-kB), Interleukin- 6 (IL-6), and tumor necro-
sis factor a (TNF-a) in MAC-T cells was measured using
stem-loop quantitative PCR (qPCR) and standard qPCR.
All the qPCR experiments were performed using TB
Green® Premix Ex Taq " II kit (Tli RNaseH Plus) (Takara

Table 2 Primer sequences for RT-qPCR.
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Biomedical Technology (Beijing) Co., Ltd.) on a Bio-
Rad CFX96 Touch real-time PCR instrument, as per the
MIQE guidelines [21]. The qPCR results were normalized
to glyceraldehyde-3-phosphate dehydrogenase (GADPH)
and ubiquitously expressed prefoldin like chaperone
(UXT) gene expressions (internal control) [22]. The rela-
tive expression was calculated using the 2~ AL method
[23]. The primers used for qPCR are listed in Table 2. The
qPCR reaction system and conditions are described in
Additional File 2.

Western blot

Western blot was conducted to measure protein expres-
sion in MAC-T cells. Extraction of total cellular protein
was performed as follows: cell lysis buffer containing 1%
PMSEF (Sangon Biotech Co., Ltd., Shanghai, China) was
used to rupture cells, and Bicinchoninic Acid Protein
Assay kit (Sangon Biotech Co., Ltd., Shanghai, China)
was used to quantify total protein concentration accord-
ing to the manufacturer’s instructions.

An equal amount of total protein (25 pg) from each sam-
ple was separated using 12% SDS-PAGE electrophoresis,
transferred to a nitrocellulose membrane (Pall Corporation,
New York, USA), blocked with 5% reconstituted skimmed
milk powder, and incubated with primary antibody over-
night at 4 °C. The next day, the membrane was washed three
times, then incubated with HRP-labeled secondary antibody
for 1 h. The membrane was again washed three times then
developed using ECL substrates (Beyotime Biotech., Shang-
hai, China). A fully automated chemiluminescence imaging
analysis system (Tanon 5200, Tanon Science & Technology

Gene symbol Primer sequence Amplicon (bp) References

NKIRAS2 F: 5-GGAGCCCTTCGTCTACCT-3/ m -
R: 5-GCACCACTTCAGCCATCC-3/

NF-kB F: 5-AAGAGCCCTTTCAATGGACC-3/ 128 -
R: 5-GTGCTGAGAGATGGCGTAAA-3’

IL-6 F: 5'-CTGGGTTCAATCAGGCGAT-3/ 205 (19]
R: 5-CAGCAGGTCAGTGTTTGTGG-3'

TNF-a F. 5-TCTGGGCAGGTCTACTTTG-3/ 139 -
R: 5"-CCTGAGCCCATAATTCCCT-3/

UXT F: 5"-CATTGAGCGACTCCAGGAAG-3/ 112 [22]
R: 5/-GGCCACATAGATCCGTGAAG-3/

GADPH F: 5-GGCATCGTGGAGGGACTTATG-3/ 186 [22]
R: 5/-GCCAGTGAGCTTCCCGTTGAG-3’

miR-125b RT: 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTC GCACTGGAT - -
ACGACTCACAAGT-3/ 64

F: 5'-GCATCCTCCCTGAGACCCTA-3!
R: 5"-CAGTGCAGGGTCCGAGGTAT-3’

F (Forward) primer and R (Reverse) primer were used for qPCR assays. RT primer is used for reverse transcription of miR-125b.
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Co., Ltd.,, Shanghai, China) was used for imaging. Image |
software was used to analyze Western blot images.

All Western blot primary and secondary antibod-
ies, including IL-6 (1: 500, cat. no. DF6087), phospho-
NF-kB p65 (1: 500, cat.no. AF2006), TNF-a (1: 500, cat.
no. AF7014), and B-actin (1: 500, cat. no. AF7018) were
purchased from Affinity Bioscience (OH, USA). Goat
anti-mouse IgG-HRP (1: 5000, cat. no. sc-2005) and goat
anti-rabbit IgG-HRP (1: 5000, cat. no. sc-2030) were pur-
chased from Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA). Beta-actin was used as an internal reference for all
Western blots.

Statistical analysis

Gene and protein expression levels were evaluated in
triplicates. All gene and protein expression data are
expressed as mean=+SD. GraphPad Prism 8.0 software
(GraphPad Software, Inc., La Jolla, CA, USA) was used
for statistical analysis and ordinary one-way ANOVA
multiple comparisons were used to test the significance
of differences. If the corrected p-value was less than
0.05, the difference was deemed significant. If the cor-
rected p-value was less than 0.01, then the difference was
deemed highly significant.

Results

Differential expression of miR-125b and NKIRAS2

in LPS-induced MAC-T cells

Aiming at evaluating the variation in expression of
miR-125b and of NKIRAS2 upon LPS induction, LPS-
induced MAC-T cells were collected and total RNA
was extracted to detect the expression of miR-125b
and NKIRAS2 by qPCR. Compared with the con-
trol group, the expression level of miR-125b in LPS-
induced MAC-T cells was extremely significantly
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down-regulated (p<0.001), while NKIRAS2 expres-
sion was extremely significantly up-regulated (p <0.01)
(Figure 1). These results show that upon induction of
an inflammatory response in MAC-T cells, crosstalk
between miR-125b and NKIRAS2 expression occurs.
This explains the relationship between miR-125b and
inflammatory response or cellular immune response,
considering that NKIRAS2 inhibits NF-kB. Combined
with the targeted regulatory relationship between
human miR-125b and NKIRAS2 [14], we speculate that
NKIRAS2 may be a target gene of miR-125b in dairy
Cows.

NKIRAS2 is a target gene of miR-125b

To further explore the function of miR-125b, we used
bioinformatics tools to predict the target gene of miR-
125b. Our results show that miR-125b potentially binds
to the 3’'UTR of the NKIRAS2 gene via complemen-
tary bases (Figure 2A). Dual-luciferase reporter assay
was performed in 293 T cells to determine whether
or not NKIRAS2 is a target gene of miR-125b. The
results show that compared with the blank control and
negative control, the relative luciferase activity in the
CHECK2-3'UTR-wt+ mimic group was significantly
reduced (p<0.01), while the NC_mimic+ CHECK2-
3'UTR-wt and CHECK2-3'UTR groups showed no
significant difference in relative luciferase activity
(p>0.05) (Figure 2B). In addition, the CHECK2-3/UTR-
mut vector was also co-transfected with the same
miR-125b mimic, and the results of relative luciferase
activity measurement showed no significant differ-
ence among the groups (p>0.05) (Figure 2B). Overall,
these results indicate that miR-125b can directly bind
the 3’ UTR of the NKIRAS2 gene at 1679-1700 bp
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Figure 1 Expression of miR-125b and NKIRAS2in LPS-induced MAC-T cells. A LPS-induced-MAC-T cells (40 x). B MAC-T cells were challenged
with LPS (50 ng/pL) for 3 h, then gPCR was used to measure the expression level of miR-125b and NKIRAS2. Data are Mean =+ SD. **p value < 0.01,
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(GenBank ID: XM_005220701.4) and inhibit luciferase
activity.

TNFAIP3 is not a target gene of miR-125b

Previous studies have shown that human miR-125b can
target the TNFAIP3 (also known as A20) [13, 14]. Inter-
estingly, in our target gene prediction, we found two
potential binding sites for miR-125b at the 3’ UTR of
the TNFAIP3 (Figure 3A). One of the sites (Site # 2) is
similar to the binding site found in humans. By sequence
comparison, we discovered that while the sequences
of mature miR-125b in humans and cows are com-
pletely identical (Additional file 3A), the homology of
the TNFAIP3 gene between the two species is 81.79%
(Additional file 3B) and the homology of the 3'UTR of
the TNFAIP3 gene is only 69.45% (Additional file 4). As a
result of the low degree of homology, results from human
research may not be fully applicable to cows. Therefore,
we conducted a dual luciferase reporter gene experi-
ment to verify the two predicted binding sites using the
same experimental protocol as that used for NKIRAS2
gene target verification in this study. We found no sig-
nificant difference in relative luciferase activity between
cells transfected with CHECK2-3'UTR-wt+ mimic,

NC_mimic+ CHECK2-3'UTR-w¢, and CHECK2-3'UTR
group (p>0.05) (Figure 3B), indicating that TNFAIP3 is
not a target of bovine miR-125b. This difference between
human and cow may be because of base mutations in the
3’ UTR of the bovine TNFAIP3 gene, which reduces the
efficiency of miR-125b binding.

MiR-125b targets and inhibits NKIRAS2 gene expression

in MAC-T cells

To confirm whether miR-125b targets and regulates NKI-
RAS2 expression in MAC-T cells, we respectively trans-
fected the miR-125b mimic, inhibitor, and NC mimic
into MAC-T cells. The cells were then cultured in vitro
for 48 h (Figure 4A) to ensure that miR-125b was either
over-expressed or inhibited in the transfected cells
compared to NC group (Figure 4B). Next, the mRNA
and protein expression levels of the NKIRAS2 gene in
MAC-T were measured using qPCR and Western blot.
Compared with the NC group, the expression levels of
the NKIRAS2 gene (Figure 4C) and protein (Figure 4D)
in the mimic group were significantly down-regulated
(p<0.0001), while NKIRAS2 gene expression in the
inhibitor group was significantly up-regulated (» <0.001).
These results indicate that miR-125b inhibits NKIRAS2
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gene expression in MAC-T cells. Cognizant of these find-
ings and the negative regulatory relationship between
NKIRAS2 and NF-kB, we speculate that miR-125b may
regulate the activity of NF-«B, which may be related to
the regulation of MAC-T inflammation.

MiR-125b promotes the expression of IL-6 and TNF-a genes
in LPS-induced MAC-T by targeting the NKIRAS2 gene

To study the role of miR-125b in the inflammatory response
of MAC-T cells, we separately transfected miR-125b mimic
and inhibitor into MAC-T cells (Figure 5A). This increased
or silenced the expression of miR-125b in the cells 24 h later
(Figure 5B). The cells were then treated with 50 ng/uL LPS
for 3 h to induce an inflammatory response. Subsequently,
the expression of inflammation-related genes in the cells was
evaluated using qPCR and Western blot. In the mimic group,
NKIRAS2 gene and protein expressions were significantly
reduced compared with the NC group (p<0.05) (Figure 5C).
In contrast, the mRNA and protein expression of NF-«B,
IL-6 and TNF-a were significantly increased (p<0.05) (Fig-
ures 5D—F). Furthermore, the results of the inhibitor trans-
fected group contradicted those observed in the mimic
group. Collectively, these results indicate that miR-125b can

inhibit the expression of the NKIRAS2 gene in MAC-T cells
and promote the expression and activity of phosphorylated
NF-kB (pNF-«B), thereby up-regulating the expression of
intracellular inflammatory factors IL-6 and TNF-a.

Discussion

The change in miRNA expression is part of the cell early
response to stimulation by extracellular signals. This
rapid response by miRNAs can regulate signal transduc-
tion pathways related to immune response and inflamma-
tory response, thereby changing the level of expression of
inflammatory factors and fine-tuning immune response
and disease development [24—26]. LPS is a major com-
ponent of Escherichia coli bacterial outer membrane and
can induce inflammatory responses in certain cells. This
study found that miR-125b expression is significantly
reduced in LPS-stimulated MAC-T cells (Figure 1), which
is consistent with LPS-induced changes in Raw 264.7 and
C57BL/6 cells [11]. In addition, miR-125b expression in
mammary tissue from dairy cows with clinical mastitis
[16] and in SEB-treated bMECs [17] is also significantly
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down-regulated, suggesting that miR-125b may play a
role in bMECs inflammation or in bovine mastitis.
Several lines of evidence indicate that miRNAs regulate
the expression of target genes through complementary bind-
ing to specific bases on the target mRNA. Even highly con-
served miRNAs may have different regulatory actions on
target genes in different organisms or even in different tis-
sues of the same organism [27]. To determine the function
of bovine miR-125b, we identified and validated target genes
of bovine miR-125b. Our results show that bovine miR-
125b can target the 3" UTR of the NKIRAS2. These results
are consistent with those observed in mice and in humans
[14, 15]. Human miR-125b can regulate NKIRAS2 gene
in periodontal ligament cells [15], glioblastomas [14], and
MARC-145 cells [28]. In addition, studies have shown that
miR-125b can target TNFAIP3 [13, 14] and TNF-a [11, 12,
26] gene expression. MiR-125b also has important regula-
tory functions in tumor cell apoptosis, migration, osteoblast
differentiation, and mouse RAW264.7 activation. Chen et al.
[29] observed a negative correlation between the expression

of bovine miR-125b and TNFAIP3 through qPCR analy-
sis, and predicted that miR-125b might target the 3' UTR
of TNFAIP3 using TargetScan software. In this study, dual-
luciferase reporter assay confirmed that bovine miR-125b
does not directly target the TNFAIP3 gene. This discrepancy
may be due to the difference between human and bovine
TNFAIP3 gene 3’ UTR sequences and the conservation
between human and bovine miR-125b sequences, resulting
in the loss of targeted binding capacity. In conclusion, miR-
125b may indirectly control TNFAIP3 expression by regulat-
ing other target genes. However, further studies are needed
to confirm this speculation.

Previous studies have shown that NKIRAS2 is a negative
regulator of NF-«B [14, 30]. Additionally, LPS can activate
the TLR4/NF-kB signaling pathway and promote innate
immune and inflammatory responses [19]. Previous studies
on the function of the miR-125b gene have mainly focused
on its effects on tumor development and apoptosis, but there
are very few reports on how it may regulate the inflamma-
tory response. Our study found for the first time that bovine
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Figure 5 Bovine miR-125b regulates the expression of NF-kB, TNF-a and IL-6 in LPS-induced MAC-T cells. The MAC-T cells were transfected
with miR-125b mimic, inhibitor or scrambled control (NC, Cy3-labeled). The transfection efficiency of bovine miR-125b mimic or inhibitor in MAC-T
cells as measured by fluorescence micrograph (A) and gPCR (B). At 48 h post-transfection, MAC-T cells were challenged with LPS for 3 h. Cells
were then collected to measure mRNA expression and production of NKIRAS2 (C), NF-kB (D), IL-6 (E), and TNF-a (F). Expression levels of mRNA and
protein were determined by gPCR and Western blot, respectively. *p <0.05, **p <0.01, ***p <0.001.

miR-125b targets the NKIRAS2 gene and inhibits its expres-  expression, consequently enhancing phosphorylated NF-kB
sion at the mRNA and protein levels. Furthermore, we tested  activity, and promoting the expression and secretion of intra-
the expression of inflammation related genes in LPS-induced  cellular inflammatory factors IL-6 and TNF-a. Overall, our
MAC-T cells after miR-125b overexpression or silencing.  results demonstrate that miR-125b participates in regulating
The results indicate that miR-125b inhibits NKIRAS2 gene
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Figure 6 Bovine miR-125b regulates inflammation

of LPS-induced bovine mammary epithelial cells. The
down-regulation of miR-125b in LPS-induced bMECs increased the
expression of NKIRAS2, eventually leading to a decrease in NF-«B
activity and a decrease in the expression of IL-6 and TNF-q, alleviating
cell inflammation.

the inflammatory process in bovine mammary epithelial
cells.

In summary, this study shows that bovine miR-125b
expression is significantly down-regulated in LPS-induced
MAC-T cells. This weakens its inhibitory effects on NKI-
RAS2 gene expression, and reduces the activity of NF-«B.
Low NF-kB activity down-regulates the expression of the
inflammatory factors IL-6 and TNF-a, consequently alleviat-
ing the overall inflammatory response in MAC-T cells (Fig-
ure 6). Collectively, our results indicate that miR-125b is a
pro-inflammatory regulator and that its silencing can alle-
viate bovine mammary inflammation. This study provides
a reference for the future development of molecular treat-
ments against bovine mastitis.

Abbreviations

NKIRAS2: NF-kB inhibitor interacting Ras-like 2; miRNA: microRNA; TNFAIP3:
TNF-a induced protein 3; IL-6: interleukin- 6; TNF-a: tumor necrosis fac-

tor alpha; NF-kB: nuclear factor kappa-B; LPS: lipopolysaccharide; 3'UTR
:3'Untranslated region of mRNA; SEB: Staphylococcal enterotoxin B; MAC-T:

a cell line produced from primary bovine mammary alveolar cells by stable
transfection with SV-40 large T-antigen; bMECs: bovine mammary epithelial
cells; DMEM: Dulbecco's modified eagle medium; RT: reverse transcription;
gPCR: quantitative real-time PCR; GADPH: glyceraldehyde-3-phosphate dehy-
drogenase; UXT: ubiquitously expressed prefoldin like chaperone.

Page 9 of 10

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513567-021-00992-0.

Additional file 1: Transfection efficiency of bovine miR-125b mimic
assessed by fluorescence microscopy. A Bright field. B Cy3 labeled miR-
125b NC_mimic in 293-T cells.

Additional file 2: Protocol of total RNA isolation and RT-qPCR.

Additional file 3: Homology alignment of miR-125b and TNFAIP3
gene in bovine and human. A Alignment of mature sequence of bovine
miR-125b and human miR-125b. B Homology of complete TNFAIP3 mRNA
in bovine and human.

Additional file 4: Alignment of 3" UTR of bovine TNFAIP3 and human
TNFAIP3.

Acknowledgements

We would like to thank the editor of MogoEdit professional English editing
company (Mogo Internet Technology Co., LTD, Shaanxi, China) for help in the
preparation of this manuscript.

Authors’ contributions

Z-ML performed the experiments analyzed the data, and prepared the draft
of the manuscript. X-PW contributed to the conception and design of the
study. X-PW, D-WW contributed to manuscript revision. All authors read and
approved the final manuscript.

Funding

This research was supported by grants from the Science and Technology
research project of Ningxia Higher Education School (NGY2020007), the
National Natural Science Foundation of China (31960652, 32060749), the

Key Research and Development Project (Talent Introduction Project) of
Ningxia Hui Autonomous Region (2019BEB04002), and the Introducing Talent
Research Project of Ningxia University (030900001926).

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 22 November 2020 Accepted: 11 August 2021
Published online: 17 September 2021

References

1. Seegers H, Fourichon C, Beaudeau FO (2003) Production effects related to
mastitis and mastitis economics in dairy cattle herds. Vet Res 34:475-491

2. Rainard P, Riollet C (2006) Innate immunity of the bovine mammary
gland. Vet Res 37:369-400

3. Sordillo LM, Shafer-Weaver K, DeRosa D (1997) Immunobiology of the
mammary gland. J Dairy Sci 80:1851-1865

4. Sordillo LM (2018) Mammary gland immunobiology and resistance to
mastitis. Vet Clin North Am Food Anim Pract 34:507-523

5. Kirsanova E, Heringstad B, Lewandowska-Sabat A, Olsaker | (2020)
Identification of candidate genes affecting chronic subclinical mastitis
in Norwegian Red cattle: combining genome-wide association study,
topologically associated domains and pathway enrichment analysis.
Anim Genet 51:22-31

6. LiL Chen X, Chen Z(2019) Identification of key candidate genes in dairy
cow in response to Escherichia coli mastitis by bioinformatical analysis.
Front Genet 10:1251

7. LuoReng ZM, Wang XP, Zan LS (2018) Comparison of microRNA profiles
between bovine mammary glands infected with Staphylococcus aureus
and Escherichia coli. Int J Biol Sci 14:87-99


https://doi.org/10.1186/s13567-021-00992-0
https://doi.org/10.1186/s13567-021-00992-0

Luoreng et al. Vet Res (2021) 52:122

Guan L, Hu X, Liu L, Xing Y, Zhou Z, Liang X, Yang Q, Jin S, Bao J, Gao H, Du
M, Li J, Zhang L (2017) Bta-miR-23a involves in adipogenesis of progeni-
tor cells derived from fetal bovine skeletal muscle. Sci Rep 7:43716
Luoreng ZM, Wang XP, Mei CG, Zan LS (2018) Expression profiling of
peripheral blood miRNA using RNAseq technology in dairy cows with
Escherichia coli-induced mastitis. Sci Rep 8:12693

Wang XP, Luoreng ZM, Zan LS, Raza SHA, Li F, Li N, Liu S (2016) Expression
patterns of miR-146a and miR-146b in mastitis infected dairy cattle. Mol
Cell Probe 30:342-344

. Tili £, Michaille JJ, Cimino A, Costinean S, Dumitru CD, Adair B, Fabbri M,

Alder H, Liu CG, Calin GA, Croce CM (2007) Modulation of miR-155 and
miR-125b levels following lipopolysaccharide/TNF-a stimulation and
their possible roles in regulating the response to endotoxin shock. J
Immunol 179:5082-5089

Huang HC, Yu HR, Huang LT, Huang HC, Chen RF, Lin IC, Ou CY, Hsu TY,
Yang KD (2012) miRNA-125b regulates TNF-alpha production in CD14™
neonatal monocytes via post-transcriptional regulation. J Leukoc Biol
92:171-182

Kim SW, Ramasamy K, Bouamar H, Lin AP, Jiang D, Aguiar RCT (2012)
MicroRNAs miR-125a and miR-125b constitutively activate the NF-kB
pathway by targeting the tumor necrosis factor alpha-induced protein 3
(TNFAIP3, A20). Proc Natl Acad Sci USA 109:7865-7870

Haemmig S, Baumgartner U, Glick A, Zbinden S, Tschan MP, Kappeler

A, Mariani L, Vajtai |, Vassella E (2014) miR-125b controls apoptosis and
temozolomide resistance by targeting TNFAIP3 and NKIRAS2 in glioblas-
tomas. Cell Death Dis 5:¢1279

Xue N, QiL, Zhang G, Zhang Y (2018) miRNA-125b regulates osteogenic
differentiation of periodontal ligament cells through NKIRAS2/NF-kB
pathway. Cell Physiol Biochem 48:1771-1781

Chen L, Liu X, Li Z, Wang H, LiuY, He H, Yang J, Niu F, Wang L, Guo J (2014)
Expression differences of miRNAs and genes on NF-kB pathway between
the healthy and the mastitis Chinese Holstein cows. Gene 545:117-125
Dilda F, Gioia G, Pisani L, Restelli L, Lecchi C, Albonico F, Bronzo V,
Mortarino M, Ceciliani F (2012) Escherichia coli lipopolysaccharides and
Staphylococcus aureus enterotoxin B differentially modulate inflammatory
microRNAs in bovine monocytes. Vet J 192:514-516

Huynh HT, Robitaille G, Turner JD (1991) Establishment of bovine mam-
mary epithelial cells (MAC-T): an in vitro model for bovine lactation. Exp
Cell Res 197:191-199

Strandberg Y, Gray C, Vuocolo T, Donaldson L, Broadway M, Tellam

R (2005) Lipopolysaccharide and lipoteichoic acid induce different
innate immune responses in bovine mammary epithelial cells. Cytokine
31:72-86

Page 10 of 10

20. Wang X, Luoreng Z, Zan L, Li F, Li N (2017) Bovine miR-146a regulates
inflammatory cytokines of bovine mammary epithelial cells via targeting
the TRAF6 gene. J Dairy Sci 100:7648-7658

21. Bustin SA, BenesV, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller
R, Nolan T, Pfaffl MW, Shipley GL, Vandesompele J, Wittwer CT (2009) The
MIQE guidelines: minimum information for publication of quantitative
real-time PCR experiments. Clin Chem 55:611-622

22. Bougarn S, Cunha P, Gilbert FB, Meurens F, Rainard P (2011) Technical
note: validation of candidate reference genes for normalization of quanti-
tative PCR in bovine mammary epithelial cells responding to inflamma-
tory stimuli. J Dairy Sci 94:2425-2430

23. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 274" method. Methods
25:402-408

24. Ambros V (2004) The functions of animal microRNAs. Nature 431:350-355

25. Trobaugh DW, Gardner CL, Sun C, Haddow AD, Wang E, Chapnik E, Mild-
ner A, Weaver SC, Ryman KD, Klimstra WB (2014) RNA viruses can hijack
vertebrate microRNAs to suppress innate immunity. Nature 506:245-248

26. Kim JK, Jang SW, Suk K, Lee WH (2015) Fascin regulates TLR4/PKC-
mediated translational activation through miR-155 and miR-125b, which
targets the 3'untranslated region of TNF-alpha mRNA. Immunol Invest
44:309-320

27. Clark PM, Loher P, Quann K, Brody J, Londin ER, Rigoutsos | (2014) Argo-
naute CLIP-Seq reveals miRNA targetome diversity across tissue types. Sci
Rep 4:5947

28. Wang D, Cao L, Xu Z, Fang L, Zhong Y, Chen Q, Luo R, Chen H, Li K, Xiao S
(2013) MiR-125b reduces porcine reproductive and respiratory syndrome
virus replication by negatively regulating the NF-kappaB pathway. PLoS
One 8:e55838

29. Chen L, Tian R, Zhang H, Liu X (2020) Anti-mastitis SNV identification of
NFkB1 in Chinese Holstein cows and the possible anti-inflammation role
of NFkB1/p105 in bovine MECs. Acta Bioch Bioph Sin 52:1191-1201

30. Oeckinghaus A, Postler TS, Rao P, Schmitt H, Schmitt V, Grinberg-Bleyer Y,
Kihn LI, Gruber CW, Lienhard GE, Ghosh S (2014) kB-Ras proteins regulate
both NF-kB-dependent inflammation and Ral-dependent proliferation.
Cell Rep 8:1793-1807

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	MiR-125b regulates inflammation in bovine mammary epithelial cells by targeting the NKIRAS2 gene
	Abstract 
	Introduction
	Materials and methods
	Cell culture
	Induction of inflammation in MAC-T Cells
	Target gene prediction and identification
	Transfection of MAC-T cells
	Total RNA extraction and reverse transcription
	Quantitative PCR
	Western blot
	Statistical analysis

	Results
	Differential expression of miR-125b and NKIRAS2 in LPS-induced MAC-T cells
	NKIRAS2 is a target gene of miR-125b
	TNFAIP3 is not a target gene of miR-125b
	MiR-125b targets and inhibits NKIRAS2 gene expression in MAC-T cells
	MiR-125b promotes the expression of IL-6 and TNF-α genes in LPS-induced MAC-T by targeting the NKIRAS2 gene

	Discussion
	Acknowledgements
	References




