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Abstract: Mycoplasma gallisepticum (MG) is the most economically significant mycoplasma pathogen
of poultry that causes chronic respiratory disease (CRD) in chickens. Although miRNAs have
been identified as a major regulator effect on inflammatory response, it is largely unclear how they
regulate MG-induced inflammation. The aim of this study was to investigate the functional roles of
gga-miR-451 and identify downstream targets regulated by gga-miR-451 in MG infection of chicken.
We found that the expression of gga-miR-451 was significantly up-regulated during MG infection of
chicken embryo fibroblast cells (DF-1) and chicken embryonic lungs. Overexpression of gga-miR-451
decreased the MG-induced inflammatory cytokine production, including tumor necrosis factor-α
(TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6), whereas inhibition of gga-miR-451 had
the opposite effect. Gene expression data combined with luciferase reporter assays demonstrated
that tyrosine3-monooxygenase/tryptophan5-monooxygenase activation protein zeta (YWHAZ) was
identified as a direct target of gga-miR-451 in the context of MG infection. Furthermore, upregulation
of gga-miR-451 significantly inhibited the MG-infected DF-1 cells proliferation, induced cell-cycle
arrest, and promoted apoptosis. Collectively, our results demonstrate that gga-miR-451 negatively
regulates the MG-induced production of inflammatory cytokines via targeting YWHAZ, inhibits the
cell cycle progression and cell proliferation, and promotes cell apoptosis. This study provides a better
understanding of the molecular mechanisms of MG infection.
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1. Introduction

The host inflammatory response constitutes an essential immune defense against invasion by
microbial pathogens. It is a protective process to clear the detrimental invaders. Nevertheless,
an excessive inflammatory response to overwhelm pathogens can be fatal [1]. Mycoplasma gallisepticum
(MG) is a common etiological cause of chronic respiratory disease (CRD) in chickens and infectious
sinusitis in turkeys [2], which feature inflammation in respiratory tract (trachea, lungs, and air sacs) [3,4].
Controlling the impact of the disease on a global level is done by eradication of positive breeder
flocks or by vaccination and medication; it is impossible to completely avoid the influence of MG
infection. As a consequence, MG continues to cause enormous economic losses in the form of drop in
egg production, poor hatchability, reduced weight gain, the downgrading of the carcass, and decreased
feed conversion ratio [5,6]. MG also can invade, survive, and multiply inside chicken embryonic
fibroblasts (CEF) and HeLa cells in vitro [7–9]. During infection, MG interacts with host respiratory
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epithelial cells and generates an inflammatory response, resulting in increased levels of cytokines, such
as tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), and interleukin-2 (IL-2) [10]. The increased
levels of inflammatory mediators appear to play a protective role or to initiate an irreversible immune
response leading to cell death [11]. However, the regulation of MG-induced respiratory inflammation
is not well documented. MG-HS strain is a virulence strain isolated from a chicken farm in Hubei
Province of China, which is used for further experiments [12,13].

Microribonucleic acids (miRNA) are important post-transcriptional regulators in almost all
biological processes but their roles within avian inflammatory disease have not been well characterized.
These small non-coding RNAs negatively regulate protein levels by interacting with target mRNAs via
partial or full sequence complementarity, which triggers mRNA degradation or blocks translation [14,15].
miRNAs can act as fine-tuners to switch the levels of translatable mRNA, to decrease protein production
via maintaining mRNA levels below a threshold [16]. Fine-tuning of protein levels by miRNAs has
been shown to modulate developmental programs, innate and adaptive immunity, and cellular
responses to infection [4,17–20]. Accumulating evidence also indicates a decisive role of miRNAs
in inflammatory responses. For instance, miR-155 modulates inflammatory cytokine production in
human dendritic cells while lipopolysaccharide stimulates these cells [21]. miR-21 and miR-146a are
deemed as regulators of nuclear factor kappa B (NF-κB) signaling and inflammatory responses at
multiple levels [22,23]. Other miRNAs, including miR-16 and miR-29a, are reported to participate
in the protumoral inflammatory process by activating the TLR8 response on immune cells [15].
Recently, we also reported the role of gga-miR-101 and gga-miR-19a in regulating MG-HS infection
and MG-HS-mediated inflammatory cytokine production in both DF-1 cells and the lungs of chicken
embryos [24,25].

miR-451 has been reported to be induced in influenza-infected cells and as a key factor involved in
regulating inflammation [26]. Other researchers have shown that miR-451 regulates the expression of
tyrosine3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta (YWHAZ/14-3-3ζ)
by binding to the 3′ untranslated region (3′-UTR) of the YWHAZ and that miR-451 plays an essential
role in a number of disease processes [27–30]. However, the role of gga-miR-451 in MG-infected
chickens has not been reported.

In the present study, we found that gga-miR-451 is significantly up-regulated in MG-infected
chicken embryonic lungs and DF-1 cells and is a negative regulator of inflammatory cytokine
production. Further investigation revealed that YWHAZ is a target gene of gga-miR-451; gga-miR-451
inhibits MG-infected DF-1 cell proliferation and the cell cycle progression, and induces cell apoptosis.

2. Results

2.1. MG Infection Significantly Upregulates gga-miR-451 Expression

miRNAs sequencing was performed previously and a large variety of dysregulated miRNAs were
identified in the lungs of MG-infected chicken embryos, and gga-miR-451 was down-regulated during
MG infection [31]. To verify this result, chicken embryos were infected with MG-HS on the ninth day
of incubation. On days 6, 10, and 11 post-infection (equivalent to days 15, 19, and 20 of egg incubation),
the gga-miR-451 levels were determined by quantitative real-time PCR (qRT-PCR). The data showed
that gga-miR-451 expression was significantly up-regulated in the lungs of MG-infected chicken
embryos when compared to non-infected lungs (Figure 1A). This result was opposite to our miRNAs
sequencing results. Whereupon, we further investigated the expression of gga-miR-451 in MG-infected
DF-1 cells at 48 h post-infection, and the result demonstrated that gga-miR-451 expression was
up-regulated after MG infection (Figure 1B). Taken together, these results indicate that gga-miR-451
level is significantly elevated during MG infection.
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Figure 1. gga-miR-451 expression is upregulated after Mycoplasma gallisepticum (MG) infection in
the lungs of chicken embryos (A) and DF-1 cells (B). The total RNA was extracted, and gga-miR-451
expression was assessed by RT-qPCR using 5S-rRNA as the internal quantitative control gene. Three
independent experiments, each with three replicates, were performed. Student t test. The plotted data
points show the means ± SDs, and the asterisks indicate statistically significant differences (** p < 0.01).

2.2. gga-miR-451 Reduces MG–Mediated Inflammatory Cytokine Production

The MG-HS infection results in host immune response along with the production of inflammatory
cytokines [10,24]. To examine whether gga-miR-451 is involved in the MG-HS-mediated inflammatory
process, inflammatory cytokine levels were determined by enzyme-linked immunosorbent assay
(ELISA). First, we evaluated the quality of synthetic gga-miR-451 mimics and inhibitor on the
expression pattern of gga-miR-451. miRNA mimics are double-stranded RNAs synthesized to
simulate naturally occurring mature miRNAs, whereas the inhibitor are chemically modified antisense
single-stranded RNAs that silence the endogenous miRNAs by sequence complementarity. miRNA
mimics and inhibitor can cause changes in the levels of the physiological miRNAs. We transfected
DF-1 cells with gga-miR-451 mimics (denoted as miR-451-M), a gga-miR-451-Negative Control
(denoted as miR-451-NC), a gga-miR-451 inhibitor (denoted as miR-451-Inh), or a random miRNA
inhibitor (denoted as miR-451-Inh-NC), respectively. As expected, transfection of gga-miR-451 mimics
increased gga-miR-451 levels significantly in DF-1 cells at 48 h post-transfection (Figure 2A), whereas
gga-miR-451 inhibitor diminished its levels (Figure 2E). DF-1 cells were transfected with miR-451-M,
miR-451-NC, miR-451-Inh, or miR-451-Inh-NC for 24 h, and were then infected with 130 µL of
MG-HS strain at 1010 CCU/mL (denoted as miR-451-M (MG+), miR-451-NC (MG+), miR-451-Inh
(MG+), and miR-451-Inh-NC (MG+), respectively) for 36 h. Compared with miR-451-M and NC
groups, gga-miR-451 mimics significantly down-regulated the protein levels of TNF-α, IL-1β, and
IL6 in MG-infected DF-1 cells (Figure 2B–D). In contrast, the inhibition of endogenous gga-miR-451
significantly increased the protein levels of TNF-α and IL-1β (Figure 2F–H). IL6 expression was
consistent with TNF-α and IL-1β in MG-infected DF-1 cells, however, IL6 expression was not effected
by gga-miR-451 in non-infected DF-1 cells. Thus, these data strongly indicate that gga-miR-451 reduces
the production of inflammatory cytokines in MG-HS-infected cells.
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Figure 2. gga-miR-451 reduces MG-HS-mediated production of inflammatory cytokines.
(A) Over-expressing miR-451-M (gga-miR-451 mimics) increases the expression of gga-miR-451 in DF-1
cells. (E) Transfection of miR-451-Inh (gga-miR-451 Inhibitor) reduces the expression of gga-miR-451
in DF-1 cells. gga-miR-451 expression was assessed by RT-qPCR using 5S-rRNA as the internal
quantitative control gene. (B–D, F–H) DF-1 cells were transfected with miR-451-M, miR-451-NC,
miR-451-Inh, or miR-451-Inh-NC and were incubated for 24 h and then either left uninfected or infected
with 130 µL of MG-HS for 36 h (denoted as miR-451-M (MG+), miR-451-NC (MG+), miR-451-Inh
(MG+), and miR-451-Inh-NC (MG+), respectively). The protein levels of TNF-α, IL-1β, and IL6 were
analyzed by ELISA at 36 h post-infection. Three independent experiments, each with three replicates,
were performed. The data are presented as the means ± SDs. One-way ANOVA was used to analyze
significant differences (Different lowercase letters represent p < 0.01).

2.3. YWHAZ Is a Direct Target of gga-miR-451

To decipher the regulatory role of gga-miR-451 in MG-HS infection and to further investigate its
potential molecular mechanism, we aimed to identify the exact target of gga-miR-451. We used the
publicly available prediction software/servers from miRBase, miRDB, TargetScan, RNAhybrid, and
miRecords to identify its targets possibly involved in the regulation of MG infection. The potential
target YWHAZ was singled out for further study because it contains a miR-451 seed match in its 3′

UTR, and its encoded protein participates in the regulation of a variety of inflammatory cytokine
production and cell cycle [26,32]. The sequence of target site in the 3′-UTR of YWHAZ is shown to be
highly conserved among different species (Figure 3A). RNAhybrid was used to analyze the duplex
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and minimum free energy (mfe) between gga-miR-451 and the YWHAZ 3′-UTR. The mfe of the RNA
duplex (−15.2 kCal/mol) indicated high stability (Figure 3B).

Figure 3. YWHAZ is a direct target of gga-miR-451. (A) Sequence alignment of YWHAZ 3′-UTR
from different species. The conserved target sequences are highlighted. (B) The secondary structure
of the RNA duplex of gga-miR-451 and the YWHAZ 3′-UTR target site (red: YWHAZ sequence;
green: gga-miR-451). (C) psiCHECK-2 dual-luciferase reporter vector containing the 3′-UTR (wild-type
or mutant) of YWHAZ. (D) DF-1 cells were co-transfected with Luc-YWHAZ 3′-UTR (wild-type or
mutant) and the indicated RNA oligonucleotides. At 48 h post-transfection, the cells were assayed for
both firefly and renilla luciferase activity through a dual-luciferase glow assay. Three independent
experiments, each with three replicates, were performed. The data are expressed as the means ± SDs.
One-way ANOVA was used to analyze the significant differences (Different lowercase letters represent
p < 0.01).

Furthermore, to determine whether YWHAZ is a direct and specific target of gga-miR-451 in DF-1
cells, we then constructed dual-luciferase reporter plasmids carrying the YWHAZ 3′-UTR with the
wild-type or base pair mutant gga-miR-451 binding region to generate Luc-WT-YWHAZ (3′-UTR) and
Luc-Mut-YWHAZ (3′-UTR) (Figure 3C). The luciferase activity significantly decreased when DF-1 cells
were co-transfected with gga-miR-451 mimic and a wild-type YWHAZ (3′-UTR) luciferase reporter
after 48 h. To confirm that this reduction in luciferase activity was indeed due to the interaction of
gga-miR-451 with the 3′-UTR of YWHAZ, a mutant dual luciferase reporter containing four base
pair mutations in the seed region was also co-transfected into DF-1 cells, together with miR-451-M
or miR-451-NC. In addition, a mock transfection was used as a blank. As expected, no significant
effect of either miR-451-M or miR-451-NC was observed (Figure 3D). These results demonstrate
that gga-miR-451 negatively regulates the expression of YWHAZ by binding to the complementary
sequence in the 3′-UTR of YWHAZ.
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2.4. gga-miR-451 Negatively Regulates YWHAZ Expression

To fully validate the impact of interaction between gga-miR-451 and the YWHAZ 3′-UTR,
we tested the effects of the over-expression or suppression of gga-miR-451 on YWHAZ endogenous
expression in DF-1 cells. Through transient transfection, the over-expression of gga-miR-451 markedly
increased gga-miR-451 expression in DF-1 cells at 48 h post-transfection (Figure 2A). In addition, a mock
transfection was used as a blank. The over-expression of miR-451-M, but not miR-451-NC, resulted
in a significant reduction in YWHAZ (14-3-3ζ) at both the mRNA and protein levels (Figure 4A,B).
The over-expression of miR-451-Inh markedly inhibited gga-miR-451 expression (Figure 2E), which
restored the expression of YWHAZ (14-3-3ζ) at both the mRNA and protein levels (Figure 4C,D).
The data suggest that YWHAZ is a direct target of gga-miR-451 and gga-miR-451 negatively regulates
the expression of YWHAZ in DF-1 cells.

Figure 4. gga-miR-451 negatively regulates YWHAZ expression. DF-1 cells were transfected with
the indicated RNA oligonucleotides. At 48 h post-transfection, RT-qPCR detected the expression of
the mRNA level of YWHAZ, Western blot analysis of YWHAZ protein (14-3-3ζ) expression. (A) The
mRNA level of YWHAZ in DF-1 cells over-expressing gga-miR-451 is reduced. (B) The protein level
of YWHAZ (14-3-3ζ) in DF-1 cells over-expressing gga-miR-451 is reduced. (C) Transfection with
miR-451-Inh increases the mRNA expression level of YWHAZ in DF-1 cells. (D) Transfection with
miR-451-Inh increases the protein expression of YWHAZ (14-3-3ζ) in DF-1 cells. A mock transfection
was used as a blank, and the expression of GAPDH served as a loading control. All of the error bars
represent the means ± SDs of triplicate experiments. Three independent experiments, each with three
replicates, were performed. One-way ANOVA was used to analyze the significant differences (Different
lowercase letters represent p < 0.01).

2.5. MG Infection Downregulates YWHAZ Expression

Having shown that MG infection upregulates gga-miR-451 expression and that YWHAZ is the
direct target of gga-miR-451. To further verify the role of YWHAZ in MG-HS infection, we detected
the expression of YWHAZ in MG-HS-infected chicken embryos and DF-1 cells. Chicken embryos
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were infected with MG-HS on the ninth day of incubation. On days 6, 10, and 11 post-infection
(equivalent to days 15, 19, and 20 of egg incubation), qRT-PCR showed that the YWHAZ expression
levels were significantly lower in the lungs of the MG-infected chicken embryos compared with the
control (Figure 5A). As expected, the mRNA and protein levels of YWHAZ were both significantly
down-regulated in MG-HS-infected DF-1 cells after 48 h detected by RT-qPCR and Western blot
analysis separately (Figure 5B,C).

Figure 5. MG infection downregulates the expression of YWHAZ in chicken embryo lungs (A) and
DF-1 cells (B). Chicken embryos and DF-1 cells were infected with MG-HS as described in Materials
and Methods, and the total RNA was extracted. YWHAZ mRNA expression was assessed by RT-qPCR
normalized to GAPDH. YWHAZ protein (14-3-3ζ) expression was determined by Western blotting
and normalized to GAPDH (C). Three independent experiments, each with three replicates, were
performed. Student t test. The plotted data points show the means ± SDs, and the asterisks indicate
statistically significant differences (* p < 0.05, ** p < 0.01).

2.6. gga-miR-451 Inhibits Cell Proliferation by Affecting the Cell Cycle and Cell Apoptosis

To explore the potential functions of gga-miR-451 in MG-HS infection, DF-1 cells were transfected
with miR-451-M or miR-451-NC and then co-cultured with MG-HS (8 µL at 1010 CCU/mL) for various
periods of time (24 h, 48 h, and 72 h). In addition, DF-1 cells infected only with MG-HS (denoted as
miR-free (MG+)), and DF-1cells neither transfected with miRNA nor infected with MG-HS (denoted as
blank (MG−)) were used as control groups. The cell growth assay, using a Cell Counting Kit-8, showed
that a decrease in cell viability in all MG-infected groups (including over-expression of miR-451-M,
miR-451-NC, and miR-free) at 48 and 72 h post-transfection compared to the blank MG-group, the
over-expression of miR-451-M significantly reduced the proliferation of DF-1 cells at 48 h and 72 h
post-transfection compared with miR-451-NC and the miR-free control (Figure 6A). Furthermore, we
studied the effects of miR-451 inhibitor on cell proliferation using the same grouping. After miR-451
inhibitor was transfected into DF-1 cells and co-cultured with MG-HS, this change resulted in a
remarkable increase in the proliferation of DF-1 cells at 72 h post-transfection, compared to the
miR-451-Inh-NC (MG+) group or the miR-free group (MG+) (Figure 6B). These results suggest that
gga-miR-451 inhibits DF-1 cell proliferation in MG-HS infection.
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Figure 6. gga-miR-451 inhibits DF-1 cell proliferation in MG-HS infection. (A) The over-expression of
gga-miR-451 remarkable inhibits DF-1 cell proliferation; (B) Inhibitor of gga-miR-451 promotes the
proliferation of DF-1 cells. DF-1 cells were transfected with miR-451-M, miR-451-NC, miR-451-Inh, or
miR-451-Inh-NC and were incubated for 24 h. The cells were then infected with the 8 µL of MG-HS
strain. Four control groups, including miR-451-NC (MG+), miR-451-Inh-NC (MG+), miR-free (MG+),
and the blank (MG−), were used. At 24, 48, and 72 h post-transfection, cell proliferation was detected
using CCK-Cell Counting Kit-8. All values are represented as the mean ± SD of three independent
experiments in triplicate. The asterisks represented statistically significant differences (* p < 0.05,
** p < 0.01).

To further illustrate how gga-miR-451 inhibits DF-1 cells proliferation, we detected the effect of
gga-miR-451 on the cell cycle distribution and cell apoptosis by flow cytometry. As above, the synthetic
RNA oligonucleotides were transfected into DF-1 cells and then co-cultured with MG-HS (130 µL at
1010 CCU/mL) for 24 h. We demonstrated that MG infection inhibited mitosis by inducing the G1
cell cycle arrest in the DF-1 cells, overexpression of gga-miR-451 generated cell cycle changes with
a larger proportion of cells in the G1 phase and a smaller proportion of cells in the S and G2 phases
compared with miR-451-NC and the miR-free control. On the contrary, gga-miR-451-Inh promoted
the cell cycle progression at the G1 phase compared with miR-451-Inh-NC and the miR-free control
(Figure 7). Cell apoptosis assay showed that gga-miR-451 has a role in stimulating apoptosis of DF-1
cells. The percentage of apoptotic DF-1 cells increased when gga-miR-451 was overexpressed compared
with miR-451-NC and the miR-free control, the opposite results were observed when miR-451 was
silenced (Figure 8). Taken together, these results indicate that gga-miR-451 inhibits the proliferation of
DF-1 cells by suppressing the cell cycle progression and increasing cell apoptosis.
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Figure 7. gga-miR-451 maintains DF-1 cells at the G1 phase in MG-HS infection. DF-1 cells were
transfected with miR-451-M, miR-451-NC, miR-451-Inh, or miR-451-Inh-NC and were incubated for
24 h. The cells then were infected with MG-HS strain. Four control groups, including miR-451-NC
(MG+), miR-451-Inh-NC (MG+), miR-free (MG+), and blank (MG−), were used. At 24 h post-infection,
the cell phase distribution was analyzed using a flow cytometer. The FL2-A channel (x axis) shows the
DNA number. Three independent experiments, each with three replicates, were performed. The data
are presented as the means ± SDs. One-way ANOVA was used to analyze significant differences
(Different lowercase letters represent p < 0.01 in G1 and S + G2 phase, respectively).
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Figure 8. gga-miR-451 promotes DF-1 apoptosis in MG-HS infection. DF-1 cells were transfected with
miR-451-M, miR-451-NC, miR-451-Inh, or miR-451-Inh-NC and were incubated for 24 h. The cells
then were infected with MG-HS strain, harvested and stained with anti-annexin V-propidium iodide,
and analyzed by flow cytometer after 24 h post-infection. Four control groups, including miR-451-NC
(MG+), miR-451-Inh-NC (MG+), miR-free (MG+), and blank (MG−), were used. Three independent
experiments, each with three replicates, were performed. The data are presented as the means ± SDs.
One-way ANOVA was used to analyze significant differences (Different lowercase letters represent
p < 0.01).

3. Discussion

Innate/intrinsic host defenses are an imperative component of early and natural defenses against
pathogenic microorganisms infection. However, evidence has shown that pathogen might evade
host innate immunity through highly sophisticated mechanisms [33], and they can largely live and
propagate in the host via suppressing host defence [34]. miRNAs have emerged as an important
class of post-transcriptional regulators participated in the immune response and their regulatory
features that may be key mechanisms in the control of microbial replication and homeostasis of the
host innate response [35,36]. A large amount of evidence has demonstrated that miRNAs are involved
in cellular behaviors with the aim of resisting or promoting inflammation during infections and
inflammation in mammals [36,37]. Recently, we also reported the effects of gga-miR-19a, gga-miR-99a,
and gga-miR-101-3p in MG-mediated inflammation in chicken [24,25,38]. However, the role of miRNAs
in the MG-induced respiratory inflammation is largely unknown.

Evolutionary clustering showed that miR-451 is highly conserved in vertebrate evolution, indicating
its functional importance in a wide range of species. miR-451 had been found to be ubiquitously
expressed in different tissues [39,40]. Previous studies have suggested that miR-451 function in
multiple cellular processes such as migration, invasion, cycle, proliferation, apoptosis, and it is an
important and potential target in human cancer treatment [30,41–43]. However, little is known about
the function and mechanism of miR-451 involving in MG-induced inflammation development and
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progression. In this study, we found that upregulation of miR-451 led to decrease the MG-induced
production of inflammatory cytokines, inhibit the proliferation, cause cell cycle arrest and facilitate
apoptosis by targeting YWHAZ. Our work explicitly indicated that MG-mediated miR-451 acted as a
potent anti-inflammatory miRNA in the development of MG infection.

Our results show that gga-miR-451 was up-regulated in the lung tissues of MG-infected
chicken embryos (on days 6, 10, and 11 post-infection) and in MG-infected DF-1 cells by RT-qPCR,
but our previous deep sequencing results (on days 3 and 10 post-infection) showed the reverse [31].
The possible reason is that deep sequencing technology is suited for small RNA discovery with its high
sensitivity, but small sample sizes of a single pool included six chicken embryos led to the decrease
of collected reads, the deep sequencing results were influenced by random factors and biased with
some errors [44]. In comparison, the experimental results are more credible, gga-miR-451 was highly
expressed following MG infection. Similar to protein-coding genes, miRNA genes themselves are
subject to sophisticated control [45]. Detailed mechanism involved in the activation of gga-miR-451
triggered by MG infection can provide insight for future studies.

Mycoplasma infects hosts by using adhesins to bind to host cells, which causes severe inflammation
in humans and animals, and then induces a series of pro-inflammatory cytokines, apoptosis, or necrosis
in a variety of cell types [46–49]. In DF-1 cells, MG infection stimulated the IL2/IL6-mediated
inflammatory responses through TLR6-MyD88-NF-κB pathway [10]. In the lungs of chicken embryos,
MG infection resulted in a significant increase of NF-κB and TNF-α expression [24]. Currently, TNF-α,
IL-1β, and IL-6 inflammatory factors are usually responsible for the systemic effects of inflammation.
Many studies have shown that TNF-α expression is associated with several diseases, including CRD,
rheumatoid arthritis, pneumonia, and various forms of inflammation in birds and mammals [50].
Moreover, IL-1β and IL-6 participate in the occurrence and development of the disease by inducing
extensive chemokine expression and upregulating adhesion molecules in human endothelial cells [51].
These results suggest that proinflammatory cytokines, such as TNF-α, IL-1β, and IL-6, play a key role in
the development or progression of such inflammatory diseases by promoting inflammation and tissue
injury. Remarkably, we observed that over-expression of gga-miR-451 could repress the production of
inflammatory cytokines TNF-α, IL-1β, and IL6 in MG-infected DF-1 cells, inhibition of gga-miR-451 has
the opposite effect. MG groups had higher levels of TNF-α, IL-1B, and IL-6 compared to no-infection
groups (both miR-451-M and miR-451-Inh), as a result of the higher gga-miR-451 expression in the
MG group. In Palmitate-exposed HepG2 cells, miR-451 expression negatively regulates inflammatory
cytokine IL-8 and TNF-α expressions [52]. During viral infection, inhibition of miR-451 expression
elevates secretion of IL-6 and TNF-α in three types of primary dendritic cells [26]. miR-451 inhibits
inflammatory cytokines secretion of TNF-α, IL-1β, and IL6 in human rheumatoid arthritis [53]. It was
consistent with our results. Our research proved that miR-451 could down-regulate corresponding
cytokines levels and potentially improve the disease clinical manifestation.

miR-451 has been verified in multiple systems to directly bind YWHAZ and negatively regulates
the expression of the YWHAZ by binding to a complementary sequence in the 3′-UTR of YWHAZ in
mammals [27–30]. We also identified YWHAZ as a target of gga-miR-451 through a luciferase reporter
assay, RT-qPCR, and Western blot analysis. The YWHAZ protein (14-3-3ζ) family is highly conserved
and ubiquitously expressed in all eukaryotic organisms. YWHAZ (14-3-3ζ) is a member of the family
of seven 14-3-3 proteins, all encoded by different genes [54]. YWHAZ serves as a pivotal factor that
binds and stabilizes key proteins involved in cell proliferation, apoptosis, and signal transduction,
including PKC, RAF-1, EGFR, HER2, and β-catenin [55]. YWHAZ is also known negative regulator
of ZFP36, an RNA binding protein that targets AU-rich mRNAs such as CCL3, TNF-α, and IL-6 for
degradation [26]. Decreasing YWHAZ levels by genetic dyrexpression or gga-miR-451 treatment
correlated with increased ZFP36 levels a transcription factor that interacts with the transcriptional
machinery to negatively regulate transcription of cytokines such as IL-6 and TNF-α [56,57]. Thus, it is
reasonable to believe that MG infection upregulates gga-miR-451 expressions, gga-miR-451 targets
the 3′-UTR of YWHAZ to decrease protein levels. YWHAZ might bind ZFP36 to decrease binding to
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AU-rich elements in the 3′-UTR of the proinflammatory cytokines TNF-α, IL-1β, and IL6, but the exact
mechanism of this effect need to be further investigated.

Different expression of miRNAs plays key roles in regulating cell activities, including proliferation,
cycle, morphogenesis, apoptosis, and differentiation. Moreover, we found that the over-expression
of gga-miR-451 markedly suppressed MG-infected DF-1 cell proliferation, reduced the percentages
of cells in the S and G2 phases of the cell cycle and promoted cell apoptosis. Previous studies
have also reported that overexpression of miR-451 in QGY-7703, Hep3B, and MCF-7 cells greatly
reduces YWHAZ expression and inhibits the cell proliferation [27]. miR-451 is identified to control the
regulation of glioblastoma cell proliferation, invasion and apoptosis through the PI3K/AKT signaling
pathway [58]. It is evident from the literature that miR-451 functions as a tumor suppressor and its
down-regulation significantly reduces levels of YWHAZ and inhibits the cell proliferation [42,43],
which further supports our results that gga-miR-451 decreasing YWHAZ expression contributes to
the decreased cell proliferation during MG infection. YWHAZ protein has been shown to be key
regulator of a large number of processes, such as control of regulation of human metabolism, cell cycle,
cell proliferation, and apoptosis in multiple cells, and it promotes cell survival by association with
proapoptotic proteins [59]. Thus, our findings suggest the possibility that decreased expression of
YWHAZ mediated by gga-miR-451 up-regulation is responsible for the decreased cell proliferation
and promoted apoptotic response associated with MG infection.

In conclusion, this study strongly suggests that the up-regulation of gga-miR-451 decreases
YWHAZ expression in MG-infected tissues and cells, which reduces secretion of inflammatory
cytokines and inhibits the cell cycle progression and cell proliferation, and promotes cell apoptosis
to facilitate MG replication. These results provide evidence for anti-inflammatory effects of miR-451
which is mediated by targeting YWHAZ in MG infection. Furthermore, miR-451 and YWHAZ might
be used as potential diagnostic biomarkers and therapeutic targets in the prevention and treatment of
MG infection.

4. Materials and Methods

4.1. MG-HS Culture

MG-HS strain, isolated previously from a chicken farm in Hubei Province of China [12,13],
was donated by the State Key Laboratory of Agricultural Microbiology, College of Veterinary Medicine,
Huazhong Agricultural University (Wuhan, China). MG-HS was cultured at 37 ◦C in modified FM-4
medium supplemented with 12% (v/v) porcine serum and 10% yeast extract until the mid-log phase.
The concentration of MG-HS was determined by the acid-mediated shift of phenol red dye from red
to orange as previously described [12]. The number of viable Mycoplasmas in a suspension was then
determined by a color-changing unit (CCU) assay [60].

4.2. Infection Experiments

One hundred embryos of White Leghorn specific-pathogen-free (SPF) chickens were incubated
on the ninth day and the allantoic cavities were injected with 300 µL of MG-HS at 1010 CCU/mL.
Other 100 chicken embryos were injected with the same dosage of the diluent to serve as controls. The
viability of the chicken embryos was examined by eye under a candling machine. The dead embryos
were eliminated. The mortality rates of the chicken embryos of the infection and control groups were
12.3% and 7%, respectively. Whole-lung tissue samples from six infected live chicken embryos and six
controls were collected on days 6, 10, and 11 post-infection and stored in RNA fixer (BioTeke Co., Ltd.,
Beijing, China).

4.3. Cell Culture and Treatment

The chicken embryonic fibroblast cell line (DF-1), obtained from the American Type Culture
Collection, was cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco, Carlsbad, CA, USA)
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supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, and 10% fetal bovine serum (FBS;
Invitrogen, Carlsbad, CA, USA) at 39 ◦C and 5% CO2. DF-1 cells were plated evenly in 6-, 24- or
96-well plates and grown to 60% confluency without antibiotics. Cells were subsequently transfected
with RNAs, plasmids, or both, using Lipofectamine 3000 (Invitrogen). After 48 h, the cells in different
groups were collected for further use. For MG-HS infection experiments, at 24 h post-transfection, cells
were infected with MG-HS at the mid-exponential phase (1 × 1010 CCU/mL) for the times mentioned
in the figure legends.

4.4. microRNA Target Prediction and Sequences

Putative gga-miR-451 target genes were identified using a miRNA database (http://www.mirbase.
org/) and target prediction tools: miRDB (http://www.mirdb.org/miRDB/), PicTar (http://pictar.
mdc-berlin.de/), and TargetScan (http://www.targetscan.org/). The conservation of the target gene
was analyzed by TargetScan (http://www.targetscan.org/). The duplex and mfe between gga-miR-451
and the 3′-UTR of the potential targets were analyzed by RNAhybrid (https://bibiserv.cebitec.uni-
bielefeld.de/rnahybrid/). AmiGO (http://amigo.geneontology.org) was used to analyze the functions
of the target genes of gga-miR-451 in Gallus gallus.

The sequences of all of the primers used in this study are shown in Table 1. All RNA oligonucleotides
were designed and synthesized by GenePharm (Shanghai, China) and are shown in Table 2.

Table 1. Sequences of DNA primers.

Name Primer Sequence (5′-3′) Accession No.

Primers for 3′-UTR Cloning

YWHAZ 3′-UTR-F GCGCTCGAGCAAGCGAGGAAGACT NM_001031343.1

YWHAZ 3′-UTR-R ATTGCGGCCGCAAGCAACAGCAGGTA

Mut-P-Y 3′-UTR-F GAAGGACAGAGAAAGTCATCACATTCC
ATTATTTGTAAAGTTACCTGCTGTTGC NM_001031343.1

Mut-P-R 3′-UTR-R AATAATGGAATGTGATGACTTTCTCT
GTCCTTCTCTAGAGAAAGTTGACTGG

Primers for RT-qPCR

GAPDH-F GAGGGTAGTGAAGGCTGCTG NM 204305

GAPDH-R CACAACACGGTTGCTGTATC

YWHAZ-F AAAATGTTGTAGGAGCCCGTAGG NM_001031343.1

YWHAZ-R TTGCTTTCTGCTTGCGAAGC

RT-gga-miR-451 CTCAACTGGTGTCGTGGAGTCGGC
AATTCAGTTGAGAAACTCAG MIMAT0003775

gga-miR-451-F GTAGGAAACCGTTACCATTACTGAG MIMAT0003775

gga-miR-451-R ACTGGTGTCGTGGAGTCGGC

gga-5s-rRNA-F CCATACCACCCTGGAAACGC

gga-5s-rRNA-R TACTAACCGAGCCCGACCCT

Table 2. Sequences of RNA oligonucleotides.

Name Sequences (5′-3′)

gga-miR-451 mimics AAACCGUUACCAUUACUGAGUUUACUCAGUAAUGGUAACGGUUUUU

gga-miR-451 NC UUCUCCGAACGUGUCACGUTTACGUGACACGUUCGGAGAATT

gga-miR-451 inhibitor AAACUCAGUAAUGGUAACGGUUU

gga-miR-451 inhibitor NC CAGUACUUUUGUGUAGUACAA

http://www.mirbase.org/
http://www.mirbase.org/
http://www.mirdb.org/miRDB/
http://pictar.mdc-berlin.de/
http://pictar.mdc-berlin.de/
http://www.targetscan.org/
http://www.targetscan.org/
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
http://amigo.geneontology.org
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4.5. Constructs and Plasmids

The psi-CHECK™-2 dual-luciferase reporter vector (Promega, Madison, WI, USA) harboring the
wild-type and mutant YWHAZ 3′-UTR, which were inserted into the Xho I and Not I restriction
sites 3′ to the end of the Renilla gene, were used to check the effect of gga-miR-451 on Renilla
activity. The full length of the wild-type YWHAZ 3′-UTR or fragments covering the putative
gga-miR-451-binding site were amplified by RT-PCR following cDNA extraction from the lung tissues
of chicken. The psi-CHECK™-2 mutant YWHAZ 3′-UTR construct was generated by inducing a point
mutation using the overlap extension PCR method. The recombinant wild-type and mutant plasmids
were named Luc-WT-YWHAZ and Luc-Mut-YWHAZ, respectively. The primers are listed in Table 1.
All constructs were verified by sequencing.

4.6. Dual-Luciferase Reporter Assay

DF-1 cells in 24-well plates were co-transfected with 200 ng of psiCHECK-2–YWHAZ-3′UTR
(wild-type and mutant) and 10 pmol of the indicated RNA oligonucleotides using Lipofectamine
3000 (Invitrogen). The cells were collected at 48 h post-transfection, and the dual-luciferase activity
assay was performed according to the manufacturer’s instructions (Promega). Luciferase activity was
detected using a Lumat LB 9507 Ultra-Sensitive Tube Luminometer (Titertek Berthold, Nanjing, China).
All transfection experiments were performed in triplicate and repeated at least three times.

4.7. RNA Extraction and Quantitative Real-Time (RT-qPCR)

Total RNA was extracted from the cultured cells and frozen lung tissue specimens of chicken
embryos using the TRIzol reagent (Invitrogen). According to the manufacturer’s instructions, 1 µg RNA
from each sample was used to synthesize cDNA using the Prime Script™ RT reagent kit with gDNA
Eraser (TaKaRa, Tokyo, Japan). The real-time PCR was performed with TransStart Top Green qPCR
SuperMix (TRANSGEN, Beijing, China) on a CFX96 or CFX384 Touch™ instrument (Bio-Rad, Hercules,
CA, USA). The relative mRNA levels were calculated using the 2−∆∆Ct method [61]. The data were
analyzed using 7500 software v.2.0.1 (Applied Biosystems, Foster City, CA, USA) with the automatic
Ct settings for adapting the baselines and thresholds for Ct determination. The expression levels of
gga-miR-451 and YWHAZ were measured by RT-qPCR. 5S-RNA and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA were used as internal controls, respectively. The expression of
5S-RNA and GAPDH are stable in the course of MG infection. The experiment was repeated three
times, and the primers are listed in Table 1.

4.8. Western Blot

The total proteins were isolated at 48 h post-transfection or post-infection using RIPA buffer
(Beyotime, Nantong, China) supplemented with 100 mM phenylmethanesulfonyl fluoride (PMSF).
Protein concentrations were measured with a BCA Protein Assay Kit (TRANSGEN), and 10 µg of
protein was fractionated by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
by electrophoresis to polyvinylidene fluoride (PVDF) membranes (Beyotime, Nantong, China) using
a Mini Trans-Blot Cell (Bio-Rad). The membranes were blocked in 5% (w/v) fat-free milk for 1 h at
room temperature and incubated overnight with the appropriate primary antibodies, including rabbit
polyclonal anti-YWHAZ (Cat. D155211-0025, Sangon Biotech, Shanghai, China) and GAPDH (Cat.
60004-1-1g, Proteintech, Wuhan, China), which served as the protein loading control. The membranes
were then washed and incubated with goat anti-rabbit secondary antibody for 1.5 h. After washing
with TBST, the proteins on the membranes were detected using an ECL™ detection system (Bio-Rad).



Int. J. Mol. Sci. 2018, 19, 1191 15 of 19

4.9. Electrophoretic Immunosorbent Assay (ELISA)

DF-1 cells in 6-well plates were transfected with miR-451-M, miR-451-NC, miR-451-Inh, or
miR-451-Inh-NC and were incubated for 24 h and then either left uninfected or infected with 130 µL of
MG-HS. The culture supernatants were collected from the treated cells at 36 h post-infection and stored
at −80 ◦C. The protein levels of TNF-α, IL-1β, and IL6 in cell cultures were determined by Chicken
enzyme-linked immunosorbent assay (ELISA) kits (Bio-Swamp, Shanghai, China) of TNF-α (Cat.
CH50032), IL-1β (Cat. CH50020), and IL6 (Cat. CH50016) according to the manufacturer’s instructions.

4.10. Cell Proliferation, Cell Cycle and Cell Apoptosis

Cell proliferation was determined using the Cell Counting Kit-8 according to the manufacturer’s
protocol (CCK-8, DOJINDO, Shanghai, China). DF-1 cells were plated at a density of 8× 103 cells/well
in a flat-bottomed, 96-well cell culture plate and allowed to grow for 4 h at 39 ◦C with 5% CO2.
The DF-1 cells were then transfected with gga-miR-451, miR-451-NC, miR-451-Inh, or miR-451-Inh-NC.
At 24 h post-transfection, the cells then were infected with 8 µL of MG-HS strain at 1010 CCU/mL.
At 24 h, 48 h, and 72 h post-transfection, 10 µL of the CCK-8 solution was added to each well of the
plate, which was then incubated at 39 ◦C for 4 h. The infected-MG cells (denoted as miR-free MG+)
and the uninfected-MG cells (blank MG−) were used as controls. The blank MG−cells were cultured
in a sterile incubator to avoid MG contamination. The optical density at 450 nm of each well plate was
measured using a microplate reader (Bio-Rad, Hercules, CA, USA).

The cell cycle and cell apoptosis assay were performed in 6-well plates. The DF-1 cells were
transfected with the indicated RNA oligonucleotides. At 24 h post-transfection, the cells were infected
with 130 µL of MG-HS strain at 1010 CCU/mL. At 24 h post-infection, the cell cycle was analyzed with
a flow cytometer, using the cell cycle detection kit (KeyGEN, Nanjing, China). Similarly, miR-free-MG+
and blank MG− were used as controls. The percentages of the cells in the G1, S, and G2 phases were
calculated. The cell apoptosis was measured with a flow cytometer, according to the manufacturer’s
protocol of the Annexin V-FITC Apoptosis Detection Kit (DOJINDO, Shanghai, China).

4.11. Statistical Analysis

SPSS software (SPSS 20.0, IBM, Armonk, NY, USA) was used for statistical analyses. All results
are presented as the mean values ± SEM. Statistical significance was determined by using one-way
ANOVA or Student’s t-test, and p-values of ≤0.01 or ≤0.05 were considered the statistically significant
difference between groups.

4.12. The Experimental Design

Firstly, the different expression of gga-miR-451 was verified in tissues and DF-1cells and the effect
of gga-miR-451 was detected in the MG-HS-mediated inflammatory process. Then, the exact target
of gga-miR-451 was identified. Finally, the potential functions of gga-miR-451 were investigated in
MG-HS infection. Detailed experimental design is illustrated in Figure 9.
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Figure 9. A graphic abstract showing the experimental design of this study (n represent biological
replicates).

Acknowledgments: This study was supported by the National Natural Science Foundation of China (Grant
No. 31270216).

Author Contributions: Yabo Zhao performed the experiments; Kang Zhang performed the total RNA isolation
and cDNA preparation; Mengyun Zou and Yingfei Sun analysed and interpreted data; Xiuli Peng conceived and
designed the study and helped write the manuscript. All of the authors read and approved the final manuscript
for publication.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Himmel, M.E.; Hardenberg, G.; Piccirillo, C.A.; Steiner, T.S.; Levings, M.K. The role of T-regulatory cells and
toll-like receptors in the pathogenesis of human inflammatory bowel disease. Immunology 2008, 125, 145–153.
[CrossRef] [PubMed]

2. Zhang, N.; Ye, X.; Wu, Y.; Huang, Z.; Gu, X.; Cai, Q.; Shen, X.; Jiang, H.; Ding, H. Determination of the mutant
selection window and evaluation of the killing of Mycoplasma gallisepticum by danofloxacin, doxycycline,
tilmicosin, tylvalosin and valnemulin. PLoS ONE 2017, 12, e0169134. [CrossRef] [PubMed]

3. Stipkovits, L.; Egyed, L.; Palfi, V.; Beres, A.; Pitlik, E.; Somogyi, M.; Szathmary, S.; Denes, B. Effect
of low-pathogenicity influenza virus H3N8 infection on Mycoplasma gallisepticum infection of chickens.
Avian Pathol. 2012, 41, 51–57. [CrossRef] [PubMed]

4. Duan, X.; Zohaib, A.; Li, Y.; Zhu, B.; Ye, J.; Wan, S.; Xu, Q.; Song, Y.; Chen, H.; Cao, S. MiR-206 modulates
lipopolysaccharide-mediated inflammatory cytokine production in human astrocytes. Cell. Signal. 2015, 27,
61. [CrossRef] [PubMed]

5. Sarfaraz, S.; Muhammad, K.; Yaqub, T.; Aslam, A.; Rabbani, M.; Khalil, M.; Riaz, R. Antibody response of
broilers to oil based combined avian influenza (H-9 N-2) and Mycoplasma gallisepticum vaccine. J. Anim.
Plant Sci. 2017, 27, 1150–1154.

6. Ricketts, C.; Pickler, L.; Maurer, J.; Ayyampalayam, S.; García, M.; Fergusonnoel, N.M. Identification of
strain-specific sequences that distinguish a Mycoplasma gallisepticum vaccine strain from field isolates. J. Clin.
Microbiol. 2017, 55, 244–252. [CrossRef] [PubMed]

7. Vogl, G.; Plaickner, A.; Szathmary, S.; Stipkovits, L.; Rosengarten, R.; Szostak, M.P. Mycoplasma gallisepticum
invades chicken erythrocytes during infection. Infect. Immun. 2008, 76, 71–77. [CrossRef] [PubMed]

8. Furnkranz, U.; Siebert-Gulle, K.; Rosengarten, R.; Szostak, M.P. Factors influencing the cell adhesion and
invasion capacity of Mycoplasma gallisepticum. Acta Vet. Scand. 2013, 55, 63. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1365-2567.2008.02939.x
http://www.ncbi.nlm.nih.gov/pubmed/18798918
http://dx.doi.org/10.1371/journal.pone.0169134
http://www.ncbi.nlm.nih.gov/pubmed/28052123
http://dx.doi.org/10.1080/03079457.2011.635635
http://www.ncbi.nlm.nih.gov/pubmed/22845321
http://dx.doi.org/10.1016/j.cellsig.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25452104
http://dx.doi.org/10.1128/JCM.00833-16
http://www.ncbi.nlm.nih.gov/pubmed/27847370
http://dx.doi.org/10.1128/IAI.00871-07
http://www.ncbi.nlm.nih.gov/pubmed/17954728
http://dx.doi.org/10.1186/1751-0147-55-63
http://www.ncbi.nlm.nih.gov/pubmed/24011130


Int. J. Mol. Sci. 2018, 19, 1191 17 of 19

9. Winner, F.; Rosengarten, R.; Citti, C. In vitro cell invasion of Mycoplasma gallisepticum. Infect. Immun. 2000,
68, 4238–4244. [CrossRef] [PubMed]

10. Tian, W.; Zhao, C.; Hu, Q.; Sun, J.; Peng, X. Roles of toll-like receptors 2 and 6 in the inflammatory response
to Mycoplasma gallisepticum infection in df-1 cells and in chicken embryos. Dev. Comp. Immunol. 2016, 59,
39–47. [CrossRef] [PubMed]

11. Hoffmann, J.A. The immune response of Drosophila. Nature 2003, 426, 33–38. [CrossRef] [PubMed]
12. Bi, D.; Ji, X. The isolation and identification of the Mycoplasma gallisepticum. Acta Vet. Zootechnol. Sin. 1988, 1,

146–148.
13. Bi, D.; Xu, Q. Study on pathogenicity of HS strain Mycoplasma gallisepticum. Chin. J. Anim. Poult. Infec. Dis.

1997, 5, 24–26.
14. Aw, S.S.; Tang, M.X.; Teo, Y.N.; Cohen, S.M. A conformation-induced fluorescence method for microrna

detection. Nucleic Acids Res. 2016, 44, e92. [CrossRef] [PubMed]
15. Bartel, D. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef]

[PubMed]
16. Mukherji, S.; Ebert, M.S.; Zheng, G.X.; Tsang, J.S.; Sharp, P.A.; Van, O.A. MicroRNAs can generate thresholds

in target gene expression. Nat. Genet. 2011, 43, 854–859. [CrossRef] [PubMed]
17. Kato, M.; Slack, F.J. MicroRNAs: Small molecules with big roles—C. elegans to human cancer. Biol. Cell 2008,

100, 71–81. [CrossRef] [PubMed]
18. Indiková, I.; Much, P.; Stipkovits, L.; Siebert-Gulle, K.; Szostak, M.P.; Rosengarten, R.; Citti, C. Role of the

GapA and CrmA cytadhesins of Mycoplasma gallisepticum in promoting virulence and host colonization.
Infec. Immun. 2013, 81, 1618–1624. [CrossRef] [PubMed]

19. Jenkins, C.; Geary, S.J.; Gladd, M.; Djordjevic, S.P. The Mycoplasma gallisepticum OsmC-like protein MG1142
resides on the cell surface and binds heparin. Microbiology 2007, 153, 1455–1463. [CrossRef] [PubMed]

20. Ambros, V. The functions of animal microRNAs. Nature 2004, 431, 350–355. [CrossRef] [PubMed]
21. Lu, C.; Huang, X.; Zhang, X.; Roensch, K.; Cao, Q.; Nakayama, K.I.; Blazar, B.R.; Zeng, Y.; Zhou, X. Mir-221

and mir-155 regulate human dendritic cell development, apoptosis, and IL-12 production through targeting
of p27kip1, KPC1, and SOCS-1. Blood 2011, 117, 4293–4303. [CrossRef] [PubMed]

22. West, C.; Mcdermott, M. Effects of microrna-146a on the proliferation and apoptosis of human osteochondrocytes
by targeting traf6 through the NF-κB signalling pathway. Biosci. Rep. 2017, 37, BSR20170180. [CrossRef]
[PubMed]

23. Chen, Y.; Chen, J.; Wang, H.; Shi, J.; Wu, K.; Liu, S.; Liu, Y.; Wu, J. HCV-induced miR-21 contributes to
evasion of host immune system by targeting MyD88 and IRAK1. PLoS Pathog. 2013, 9, e1003248. [CrossRef]
[PubMed]

24. Hu, Q.; Zhao, Y.; Wang, Z.; Hou, Y.; Bi, D.; Sun, J.; Peng, X. Chicken gga-miR-19a targets ZMYND11 and
plays an important role in host defense against Mycoplasma gallisepticum (HS strain) infection. Front. Cell.
Infect. Microbiol. 2016, 6, 102. [CrossRef] [PubMed]

25. Chen, J.; Wang, Z.; Bi, D.; Hou, Y.; Zhao, Y.; Sun, J.; Peng, X. Gga-miR-101-3p plays a key role in Mycoplasma
gallisepticum (HS strain) infection of chicken. Int. J. Mol. Sci. 2015, 16, 28669–28682. [CrossRef] [PubMed]

26. Rosenberger, C.M.; Podyminogin, R.L.; Navarro, G.; Zhao, G.W.; Askovich, P.S.; Weiss, M.J.; Aderem, A.
MiR-451 regulates dendritic cell cytokine responses to influenza infection. J. Immunol. 2012, 189, 5965–5975.
[CrossRef] [PubMed]

27. Bergamaschi, A.; Katzenellenbogen, B.S. Tamoxifen downregulation of miR-451 increases 14-3-3ζ and
promotes breast cancer cell survival and endocrine resistance. Oncogene 2012, 31, 39. [CrossRef] [PubMed]

28. Yu, D.; dos Santos, C.O.; Zhao, G.; Jiang, J.; Amigo, J.D.; Khandros, E.; Dore, L.C.; Yao, Y.; D’Souza, J.;
Zhang, Z. MiR-451 protects against erythroid oxidant stress by repressing 14-3-3zeta. Genes Dev. 2010, 24,
1620–1633. [CrossRef] [PubMed]

29. Zhang, Z.; Luo, X.; Ding, S.; Chen, J.; Chen, T.; Chen, X.; Zha, H.; Yao, L.; He, X.; Peng, H. MicroRNA-451
regulates p38 MAPK signaling by targeting of YWHAZ and suppresses the mesangial hypertrophy in early
diabetic nephropathy. FEBS Lett. 2012, 586, 20–26. [CrossRef] [PubMed]

30. Wang, W.; Zhang, L.; Wang, Y.; Ding, Y.; Chen, T.; Wang, Y.; Wang, H.; Li, Y.; Duan, K.; Chen, S. Involvement
of miR-451 in resistance to paclitaxel by regulating YWHAZ in breast cancer. Cell Death Dis. 2017, 8, e3071.
[CrossRef] [PubMed]

http://dx.doi.org/10.1128/IAI.68.7.4238-4244.2000
http://www.ncbi.nlm.nih.gov/pubmed/10858241
http://dx.doi.org/10.1016/j.dci.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26797426
http://dx.doi.org/10.1038/nature02021
http://www.ncbi.nlm.nih.gov/pubmed/14603309
http://dx.doi.org/10.1093/nar/gkw108
http://www.ncbi.nlm.nih.gov/pubmed/26951376
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
http://dx.doi.org/10.1038/ng.905
http://www.ncbi.nlm.nih.gov/pubmed/21857679
http://dx.doi.org/10.1042/BC20070078
http://www.ncbi.nlm.nih.gov/pubmed/18199046
http://dx.doi.org/10.1128/IAI.00112-13
http://www.ncbi.nlm.nih.gov/pubmed/23460514
http://dx.doi.org/10.1099/mic.0.2006/004937-0
http://www.ncbi.nlm.nih.gov/pubmed/17464059
http://dx.doi.org/10.1038/nature02871
http://www.ncbi.nlm.nih.gov/pubmed/15372042
http://dx.doi.org/10.1182/blood-2010-12-322503
http://www.ncbi.nlm.nih.gov/pubmed/21355095
http://dx.doi.org/10.1042/BSR20170180
http://www.ncbi.nlm.nih.gov/pubmed/28634214
http://dx.doi.org/10.1371/journal.ppat.1003248
http://www.ncbi.nlm.nih.gov/pubmed/23633945
http://dx.doi.org/10.3389/fcimb.2016.00102
http://www.ncbi.nlm.nih.gov/pubmed/27683641
http://dx.doi.org/10.3390/ijms161226121
http://www.ncbi.nlm.nih.gov/pubmed/26633386
http://dx.doi.org/10.4049/jimmunol.1201437
http://www.ncbi.nlm.nih.gov/pubmed/23169590
http://dx.doi.org/10.1038/onc.2011.223
http://www.ncbi.nlm.nih.gov/pubmed/21666713
http://dx.doi.org/10.1101/gad.1942110
http://www.ncbi.nlm.nih.gov/pubmed/20679398
http://dx.doi.org/10.1016/j.febslet.2011.07.042
http://www.ncbi.nlm.nih.gov/pubmed/21827757
http://dx.doi.org/10.1038/cddis.2017.460
http://www.ncbi.nlm.nih.gov/pubmed/28981108


Int. J. Mol. Sci. 2018, 19, 1191 18 of 19

31. Zhao, Y.; Hou, Y.; Zhang, K.; Yuan, B.; Peng, X. Identification of differentially expressed miRNAs through
high-throughput sequencing in the chicken lung in response to Mycoplasma gallisepticum HS. Comp. Biochem.
Physiol. Part D 2017, 22, 146–156. [CrossRef] [PubMed]

32. Dejean, A.S.; Beisner, D.R.; Ch’En, I.L.; Kerdiles, Y.M.; Babour, A.; Arden, K.C.; Castrillon, D.H.;
Depinho, R.A.; Hedrick, S.M. Transcription factor Foxo3 controls the magnitude of T cell immune responses
by modulating the function of dendritic cells. Nat. Immunol. 2009, 10, 504. [CrossRef] [PubMed]

33. Kim, J.K.; Kim, T.S.; Basu, J.; Jo, E.K. MicroRNA in innate immunity and autophagy during mycobacterial
infection. Cell. Microbiol. 2017, 19. [CrossRef] [PubMed]

34. Li, P.; Jiang, W.; Yu, Q.; Liu, W.; Zhou, P.; Li, J.; Xu, J.; Xu, B.; Wang, F.; Shao, F. Ubiquitination and degradation
of GBPs by a Shigella effector to suppress host defence. Nature 2017, 551, 378. [CrossRef] [PubMed]

35. Cullen, B.R. MicroRNAs as mediators of viral evasion of the immune system. Nat. Immunol. 2013, 14,
205–210. [CrossRef] [PubMed]

36. Liang, X.; Xu, Z.; Yuan, M.; Zhang, Y.; Zhao, B.; Wang, J.; Zhang, A.; Li, G. MicroRNA-16 suppresses the
activation of inflammatory macrophages in atherosclerosis by targeting PDCD4. Int. J. Mol. Med. 2016, 37,
967–975. [CrossRef] [PubMed]

37. Li, T.; Morgan, M.J.; Choksi, S.; Zhang, Y.; Kim, Y.S.; Liu, Z.G. MicroRNAs modulate the noncanonical
transcription factor NF-κB pathway by regulating expression of the kinase IKKα during macrophage
differentiation. Nat. Immunol. 2010, 11, 799–805. [CrossRef] [PubMed]

38. Zhao, Y.; Wang, Z.; Hou, Y.; Zhang, K.; Peng, X. Gga-miR-99a targets SMARCA5 to regulate Mycoplasma
gallisepticum (HS strain) infection by depressing cell proliferation in chicken. Gene 2017, 627, 239–247.
[CrossRef] [PubMed]

39. Xu, H.; Wang, X.; Du, Z.; Li, N. Identification of microRNAs from different tissues of chicken embryo and
adult chicken. FEBS Lett. 2006, 580, 3610–3616. [CrossRef] [PubMed]

40. Xie, X.; Lu, J.; Kulbokas, E.J.; Golub, T.R.; Mootha, V.; Lindblad-Toh, K.; Lander, E.S.; Kellis, M. Systematic
discovery of regulatory motifs in human promoters and 3′ UTRs by comparison of several mammals. Nature
2005, 434, 338–345. [CrossRef] [PubMed]

41. Joshi, N.R.; Su, R.W.; Chandramouli, G.V.; Khoo, S.K.; Jeong, J.W.; Young, S.L.; Lessey, B.A.; Fazleabas, A.T.
Altered expression of microRNA-451 in eutopic endometrium of baboons (Papio anubis) with endometriosis.
Hum. Reprod. 2015, 30, 2881–2891. [CrossRef] [PubMed]

42. Meng, Y.B.; He, X.; Huang, Y.F.; Wu, Q.N.; Zhou, Y.C.; Hao, D.J. Long non-coding RNA crnde promotes
multiple myeloma cell growth by suppressing miR-451. Oncol. Res. 2017, 25, 1207–1214. [CrossRef] [PubMed]

43. Chapman, L.M.; Ture, S.K.; Field, D.J.; Morrell, C.N. MiR-451 limits CD4 + T cell proliferative responses to
infection in mice. Immunol. Res. 2017, 65, 828–840. [CrossRef] [PubMed]

44. Burnside, J.; Ouyang, M.; Anderson, A.; Bernberg, E.; Lu, C.; Meyers, B.C.; Green, P.J.; Markis, M.; Isaacs, G.;
Huang, E.; et al. Deep sequencing of chicken microRNAs. BMC Genom. 2008, 9, 185. [CrossRef] [PubMed]

45. Winter, J.; Jung, S.; Keller, S.; Gregory, R.I.; Diederichs, S. Many roads to maturity: Microrna biogenesis
pathways and their regulation. Nat. Cell Biol. 2009, 11, 228. [CrossRef] [PubMed]

46. Barton, G.M.; Medzhitov, R. Toll-like receptor signaling pathways. Science 2003, 300, 1524–1525. [CrossRef]
[PubMed]

47. Beutler, B. Inferences, questions and possibilities in toll-like receptor signalling. Nature 2004, 430, 257–263.
[CrossRef] [PubMed]

48. Muzio, M.; Polentarutti, N.; Bosisio, D.; Manoj, K.P.; Mantovani, A. Toll-like receptor family and signalling
pathway. Biochem. Soc. Trans. 2000, 28, 563–566. [CrossRef] [PubMed]

49. Hu, F.; Zhao, C.; Bi, D.; Tian, W.; Chen, J.; Sun, J.; Peng, X. Mycoplasma gallisepticum (HS strain) surface
lipoprotein pMGA interacts with host apolipoprotein A-I during infection in chicken. Appl. Microbiol. Biotechnol.
2016, 100, 1343–1354. [CrossRef] [PubMed]

50. Liang, J.; Zhou, Q.; Zhang, T.; Wang, X.; Song, L. Changes and role evaluation of TNF-α and IL-1β in lung
tissues of ARDS mice. Chin. J. Cell. Mol. Immunol. 2017, 33, 159–163.

51. Berzat, A.; Hall, A. Cellular responses to extracellular guidance cues. EMBO J. 2010, 29, 2734–2745. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.cbd.2017.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28433919
http://dx.doi.org/10.1038/ni.1729
http://www.ncbi.nlm.nih.gov/pubmed/19363483
http://dx.doi.org/10.1111/cmi.12687
http://www.ncbi.nlm.nih.gov/pubmed/27794209
http://dx.doi.org/10.1038/nature24467
http://www.ncbi.nlm.nih.gov/pubmed/29144452
http://dx.doi.org/10.1038/ni.2537
http://www.ncbi.nlm.nih.gov/pubmed/23416678
http://dx.doi.org/10.3892/ijmm.2016.2497
http://www.ncbi.nlm.nih.gov/pubmed/26936421
http://dx.doi.org/10.1038/ni.1918
http://www.ncbi.nlm.nih.gov/pubmed/20711193
http://dx.doi.org/10.1016/j.gene.2017.06.039
http://www.ncbi.nlm.nih.gov/pubmed/28652181
http://dx.doi.org/10.1016/j.febslet.2006.05.044
http://www.ncbi.nlm.nih.gov/pubmed/16750530
http://dx.doi.org/10.1038/nature03441
http://www.ncbi.nlm.nih.gov/pubmed/15735639
http://dx.doi.org/10.1093/humrep/dev229
http://www.ncbi.nlm.nih.gov/pubmed/26370665
http://dx.doi.org/10.3727/096504017X14886679715637
http://www.ncbi.nlm.nih.gov/pubmed/28276319
http://dx.doi.org/10.1007/s12026-017-8919-x
http://www.ncbi.nlm.nih.gov/pubmed/28378118
http://dx.doi.org/10.1186/1471-2164-9-185
http://www.ncbi.nlm.nih.gov/pubmed/18430245
http://dx.doi.org/10.1038/ncb0309-228
http://www.ncbi.nlm.nih.gov/pubmed/19255566
http://dx.doi.org/10.1126/science.1085536
http://www.ncbi.nlm.nih.gov/pubmed/12791976
http://dx.doi.org/10.1038/nature02761
http://www.ncbi.nlm.nih.gov/pubmed/15241424
http://dx.doi.org/10.1042/bst0280563
http://www.ncbi.nlm.nih.gov/pubmed/11044375
http://dx.doi.org/10.1007/s00253-015-7117-9
http://www.ncbi.nlm.nih.gov/pubmed/26549235
http://dx.doi.org/10.1038/emboj.2010.170
http://www.ncbi.nlm.nih.gov/pubmed/20717143


Int. J. Mol. Sci. 2018, 19, 1191 19 of 19

52. Hur, W.; Lee, J.H.; Kim, S.W.; Kim, J.H.; Si, H.B.; Kim, M.; Hwang, D.; Kim, Y.S.; Park, T.; Um, S.J. Downregulation
of microRNA-451 in non-alcoholic steatohepatitis inhibits fatty acid-induced proinflammatory cytokine
production through the AMPK/AKT pathway. Int. J. Biochem. Cell Biol. 2015, 64, 265–276. [CrossRef]
[PubMed]

53. Wang, Z.C.; Lu, H.; Zhou, Q.; Yu, S.M.; Mao, Y.L.; Zhang, H.J.; Zhang, P.C.; Yan, W.J. MiR-451 inhibits
synovial fibroblasts proliferation and inflammatory cytokines secretion in rheumatoid arthritis through
mediating p38MAPK signaling pathway. Int. J. Clin. Exp. Pathol. 2015, 8, 14562. [PubMed]

54. Tzivion, G.; Gupta, V.S.; Kaplun, L.; Balan, V. 14-3-3 proteins as potential oncogenes. Semin. Cancer Biol. 2006,
16, 203–213. [CrossRef] [PubMed]

55. Murata, T.; Takayama, K.; Urano, T.; Fujimura, T.; Ashikari, D.; Obinata, D.; Horie-Inoue, K.; Takahashi, S.;
Ouchi, Y.; Homma, Y. 14-3-3ζ, a novel androgen-responsive gene, is upregulated in prostate cancer and
promotes prostate cancer cell proliferation and survival. Clin. Cancer Res. 2012, 18, 5617–5627. [CrossRef]
[PubMed]

56. Kratochvill, F.; Machacek, C.; Vogl, C.; Ebner, F.; Sedlyarov, V.; Gruber, A.R.; Hartweger, H.; Vielnascher, R.;
Karaghiosoff, M.; Rülicke, T. Tristetraprolin-driven regulatory circuit controls quality and timing of mrna
decay in inflammation. Mol. Syst. Biol. 2011, 7, 560. [CrossRef] [PubMed]

57. Kang, J.G.; Amar, M.J.; Remaley, A.T.; Kwon, J.; Blackshear, P.J.; Wang, P.Y.; Hwang, P.M. Zinc finger
protein tristetraprolin interacts with CCL3 mRNA and regulates tissue inflammation. J. Immunol. 2011, 187,
2696–2701. [CrossRef] [PubMed]

58. Yang, N.; Han, L.; Zhang, A.; Wang, G.; Jia, Z.; Yang, Y.; Xiao, Y.; Pu, P.; Zhong, Y.; Kang, C. MiRNA-451
plays a role as tumor suppressor in human glioma cells. Brain Res. 2010, 1359, 14–21.

59. Pozuelo-Rubio, M. Proteomic and biochemical analysis of 14-3-3-binding proteins during C2-ceramide-
induced apoptosis. FEBS J. 2010, 277, 3321–3342. [CrossRef] [PubMed]

60. Calus, D.; Maes, D.; Vranckx, K.; Villareal, I.; Pasmans, F.; Haesebrouck, F. Validation of ATP luminometry
for rapid and accurate titration of Mycoplasma hyopneumoniae in friis medium and a comparison with the
color changing units assay. J. Microbiol. Methods 2010, 83, 335–340. [CrossRef] [PubMed]

61. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2−∆∆CT method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.biocel.2015.04.016
http://www.ncbi.nlm.nih.gov/pubmed/25957914
http://www.ncbi.nlm.nih.gov/pubmed/26823778
http://dx.doi.org/10.1016/j.semcancer.2006.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16725345
http://dx.doi.org/10.1158/1078-0432.CCR-12-0281
http://www.ncbi.nlm.nih.gov/pubmed/22904106
http://dx.doi.org/10.1038/msb.2011.93
http://www.ncbi.nlm.nih.gov/pubmed/22186734
http://dx.doi.org/10.4049/jimmunol.1101149
http://www.ncbi.nlm.nih.gov/pubmed/21784977
http://dx.doi.org/10.1111/j.1742-4658.2010.07730.x
http://www.ncbi.nlm.nih.gov/pubmed/20618440
http://dx.doi.org/10.1016/j.mimet.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/20851152
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	MG Infection Significantly Upregulates gga-miR-451 Expression 
	gga-miR-451 Reduces MG–Mediated Inflammatory Cytokine Production 
	YWHAZ Is a Direct Target of gga-miR-451 
	gga-miR-451 Negatively Regulates YWHAZ Expression 
	MG Infection Downregulates YWHAZ Expression 
	gga-miR-451 Inhibits Cell Proliferation by Affecting the Cell Cycle and Cell Apoptosis 

	Discussion 
	Materials and Methods 
	MG-HS Culture 
	Infection Experiments 
	Cell Culture and Treatment 
	microRNA Target Prediction and Sequences
	Constructs and Plasmids 
	Dual-Luciferase Reporter Assay 
	RNA Extraction and Quantitative Real-Time (RT-qPCR) 
	Western Blot 
	Electrophoretic Immunosorbent Assay (ELISA) 
	Cell Proliferation, Cell Cycle and Cell Apoptosis 
	Statistical Analysis 
	The Experimental Design 

	References

