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Mycoplasma gallisepticum (MG), one of the most pathogenic Mycoplasmas, can
cause chronic respiratory disease (CRD) in chickens. It has been suggested that
micro-ribonucleic acids (miRNAs) are involved in microbial pathogenesis. However, little
is known about the roles of miRNAs in MG infection. Previously, we found by deep
sequencing that gga-miR-19a was significantly up-regulated in the lungs of MG-infected
chicken embryos. In this work, we confirmed that gga-miR-19a was up-regulated in both
MG-infected chicken embryonic lungs and MG-infected DF-1 (chicken embryo fibroblast)
cells. At 72 h post-transfection, we found that the over-expression of gga-miR-19a
significantly enhanced the proliferation of MG-infected DF-1 cells by promoting the
transition from the G1 phase to the S and G2 phases, while a gga-miR-19a inhibitor
repressed the proliferation of MG-infected DF-1 cells by arresting the cell cycle in
the G1 phase. Moreover, we found that gga-miR-19a regulated the expression of
the host zinc-finger protein, MYND-type containing 11 (ZMYND11), through binding
to its 3 untranslated region (3’-UTR). DAVID analysis revealed that ZMYND71 could
negatively regulate the NF-kappaB (NF-«B) signaling pathway in chickens (Gallus gallus).
Upon MG infection, gga-miR-19a, NF-«B, MyD88, and TNF-a were all up-regulated,
whereas ZMYND11 was down-regulated. The over-expression of gga-miR-19a in the
DF-1 cells did not affect the above gene expression patterns, and gga-miR-19a inhibitor
repressed the expression of NF-kB, MyD88, and TNF-«, but enhanced the expression
of ZMYND11. In conclusion, gga-miR-19a might suppress the expression of ZMYND11
in MG-infected chicken embryonic lungs and DF-1 cells, activate the NF-kB signaling
pathway, and promote pro-inflammatory cytokines expression, the cell cycle progression
and cell proliferation to defend against MG infection.

Keywords: Mycoplasma gallisepticum (HS strain), chicken, gga-miR-19a, cell cycle, ZMYND11, NF-«kB signaling
pathway
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INTRODUCTION

Mpycoplasma, an important prokaryote, can infect humans,
wildlife, and a wide range of economically important livestock
species (Gambarini et al., 2009; Osman et al., 2009; Nicholas and
Ayling, 2016). One of the most important Mycoplasma species,
Mpycoplasma gallisepticumn (MG) is the causative pathogen of
avian chronic respiratory disease (CRD) (Ley, 2003), which is
invasive and causes severe inflammation in the tracheas and lungs
of chickens and turkeys around the world (Davidson et al., 1982;
Yoder, 1991; Stipkovits et al.,, 2012). MG has been shown to
invade, survive and multiply inside chicken fibroblasts and HeLa
cells (Winner et al., 2000). After infection, MG is very difficult
to be eliminated from chicken farms. Although, vaccination and
antibiotics can be used to control the infection, it is impossible to
completely clear MG from infected chickens. As a consequence,
mycoplasmosis is causing huge economic losses to the poultry
industry worldwide (Pennycott et al., 2005).

Micro-ribonucleic acids (miRNAs), at 22-25 nucleotides long,
are small non-coding single-strand RNAs that negatively regulate
gene expression by interfering with post-transcriptional protein
translation (Zamore and Haley, 2005; Valencia-Sanchez et al.,
2006; O’Reilly, 2016). It has been suggested that up to 30% of
human genes are regulated by miRNAs (Di Leva et al., 2006). So
far, over 24, 000 (in total) and 859 (in chickens) miRNAs have
been identified (http://www.mirbase.org/), but only a few have
been functionally studied.

miRNAs play important roles in regulatory pathways,
including various physiological and pathological processes (Lim
et al, 2003; Ambros, 2004). Emerging data are showing
that miRNAs contribute to the development and control of
inflammatory responses in both immune and non-immune cells
(Bazzoni et al., 2009; Perry et al., 2009).

Current studies suggest that miRNAs are involved in various
diseases of poultry, such as avian influenza (Wang et al., 2009),
avian leucosis (Wang Q. et al., 2013; Li H. et al., 2014), ovarian
carcinoma (Lee et al., 2012), infection bursal disease (Wang Y.
S. et al., 2013), and Marek’s disease (Yao et al., 2008; Lian et al.,
2012; Stik et al., 2013; Li X. et al., 2014). Our previous study has
shown that gga-miR-101-3p plays a crucial role in MG infection
by regulating EZH?2 expression (Chen et al., 2015). The functional
study of miRNAs could help to reveal molecular pathways
involved in microbial pathogenesis and provide a theoretical
basis for miRNA-mediated gene therapy. However, no expression
profiles of miRNAs have been reported in MG-infected chickens.

As a major transcriptional factor, nuclear factor-kappaB (NF-
kB) regulates genes involved in innate and adaptive immunity,
cell proliferation, differentiation and inflammation, especially
the rapid response to pathogen infection and pro-inflammatory
stimuli (Lindsay, 2008; Yoshida et al., 2013). Activation of
the NF-kB signaling cascade results in the expression of pro-
inflammatory cytokines and chemokines (Hayden and Ghosh,
2008). miRNAs are also involved in modulating the NF-«B
signaling pathway (Lecellier et al., 2005; Ma et al, 2011a;
Wendlandt et al., 2012).

miR-19a is up-regulated in a variety of human cancers,
including lung cancer (Navarro et al., 2009), colon cancer

(Zhang J. et al,, 2012), cervical carcinoma (Xu et al, 2012),
breast cancer (Zhang et al, 2011), gliomas (Jia et al., 2013),
gastric cancer (Wu et al., 2014), and bladder cancer (Feng et al.,
2014). miR-19a might regulate the NF-kB signaling pathway
in inflammation (Gantier et al., 2012; Ye et al,, 2012). Our
preliminary deep sequencing data revealed that gga-miR-19a
is up-regulated in MG-infected embryonic lungs (unpublished
lab data), which suggests that gga-miR-19a might play a
crucial role in the response to MG infection. In this study,
we further demonstrate that gga-miR-19a is significantly up-
regulated in MG-infected chicken embryonic lungs and DF-1
cells. Furthermore, we identified ZMYNDI1 as a gga-miR-19a
target and followed up with a detailed miRNA regulation of
ZMYNDI11 expression, the cell cycle, cell proliferation and the
NEF-kB signaling pathway in the context of MG infection.

MATERIALS AND METHODS

Ethics Statement

Our experimental protocols for chicken-embryo treatment were
approved by the Institutional Animal Care and Use Committee of
Huazhong Agricultural University. The procedures were carried
out in accordance with the approved guidelines.

gga-miR-19a Target Analysis

Potential gga-miR-19a targets were predicted by TargetScan
(http://www.targetscan.org/) and miRDB (http://www.mirdb.
org/miRDB/). The duplex and minimum free energy (mFE)
between gga-miR-19a and 3/-UTR of its potential targets were
estimated by RNA hybrid (http://bibiserv.techfak.uni-bielefeld.
de/rnahybrid/). The conservation of the target gene was analyzed
by TargetScan (http://www.targetscan.org/). The functions of the
target genes of gga-miR-19a in chickens were analyzed using
DAVID Bioinformatics Resources 6.7 (http://david.abcc.nciferf.
gov/).

Design of DNA Primers and Synthesis of
RNA Oligonucleotides

The sequences of all the primers used in this study are
listed in Table 1. The sequences of RNA oligonucleotides are
shown in Table2. A gga-miR-19a mimics (denoted as miR-
19a) and an inhibitor (denoted as miR-19a-Inh) were designed
and synthesized by GenePharma (Shanghai, China). A random
miRNA mimics that had not been found to suppress any chicken
target genes (denoted as miR-19a-NC), and a random miRNA
inhibitor that had not been found to promote any chicken target
genes (denoted as miR-19a-Inh-NC) were also designed and
synthesized to serve as the negative controls.

Mycoplasma Strains and Cell Culture

MG-HS is a virulent strain isolated from a chicken farm in
Hubei province, China (Bi and Ji, 1988; Bi and Xu, 1997). The
strain was deposited and donated by the State Key Laboratory
of Agricultural Microbiology, College of Veterinary Medicine,
Huazhong Agricultural University (Wuhan, Hubei 430070,
China). MG-HS culture and concentration determination were
carried out as previously described (Bi and Ji, 1988), and its viable
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TABLE 1 | Sequences of DNA primers.

Name Primer sequence (5'-3') Accession no.

PRIMERS FOR 3’-UTR CLONING

ZMYND11 3'-UTR-F TTCCTCGAGTAGAACATCAC XM-004939164

ZMYND11 8'-UTR-R AATGCGGCCGCCATCAAGGTAG XM-004939164
TATGCTTCGTTT

PRIMERS FOR RT-qPCR

GAPDH-F GAGGGTAGTGAAGGCTGCTG NM-204305

GAPDH-R CACAACACGGTTGCTGTATC NM-204305

RT- gga-miR-19a-3p CTCAACTGGTGTCGTGGAGTCGGC MIMAT-0001112
AATTCAGTTGAGTCAGTTTT

gga-miR-19a-3p-F CTGGTAGGTGTGCAAATCCATG MIMAT-0001112

gga-miR-19a-3p-R GGTGTCGTGGAGTCGGCAAT MIMAT-0001112

gga-5s-rRNA-F CCATACCACCCTGGAAACGC

gga-5s-rRNA-R TACTAACCGAGCCCGACCCT

ZMYND11-F ACCAGCGATTCCTTCGTGAG XM-004939164

ZMYND11-R TGGGCTGAGGCATTGTGGGA XM-004939164

MyD88-F TCAGTTTGTCCAGGAGATG NM-001030962

MyD88-R GGTGTAATGAACCGCAAGATA NM-001030962

NF-kB-F GCCAGGTTGCCATCGTGT NM-205129

NF-kB-R CGTGCGTTTGCGCTTCTC NM-205129

TNF-a-F GGACAGCCTATGCCAACAAG XM-015294124

TNF-a-R ACACGACAGCCAAGTCAACG XM-015294124

TABLE 2 | Sequences of RNA oligonucleotides.

Name Sequences (5'-3')

UGUGCAAAUCUAUGCAAAACUGA
AGUUUUGCAUAGAUUUGCACAUU

gga-miR-19a mimics

gga-miR-19a NC sense UUCUCCGAACGUGUCACGUTT
gga-miR-19a NC antisense ACGUGACACGUUCGGAGAATT
gga-miR-19a inhibitor UCAGUUUUGCAUAGAUUUGCACA
gga-miR-19a inhibitor NC CAGUACUUUUGUGUAGUACAA

number in suspension was detected by a color-changing unit
(CCU) assay (Calus et al., 2010).

The immortalized chicken embryonic fibroblast cell line DF-
1 was obtained from the American Type Culture Collection
(Rockville, MD, USA) and cultured in Dulbecco’s modified
Eagles medium (DMEM, Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS, Invitrogen
Gibco Co., Carlsbad, CA, USA), 100 units of penicillin G and
100 pg of streptomycin (Beyotime Institute of Biotechnology,
Haimen, China) per milliliter, at 39°C in a humidified 5% CO,
incubator.

gga-miR-19 Target Dual-Luciferase
Reporter Assay

To construct the dual luciferase reporter plasmid, the 3'-
UTR region of ZMYNDI11 covering the predicted gga-miR-19a
binding site was amplified by RT-PCR using the cDNA extracted
from the chicken embryo lung tissues as the template. The
amplified fragment was sub-cloned into the Xho I/Not I sites of

the psi-CHECK™-2 vector (Promega, Madison, W1, USA). See
Table 1 for primer sequences. All PCR products were confirmed
by sequencing.

DF-1 cells were plated in 24-well plates at 2 x 10° cells
per well for the luciferase assay. Next, 200 ng of the luciferase
reporter plasmid and 10 pmol of miR-19a, miR-19a-NC, miR-
19a-Inh or miR-19a-Inh-NC were also transfected into DF-
1 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA). The cells were collected at 48 h post-transfection, and
the dual-luciferase activity was measured using a Lumat LB 9507
Ultra Sensitive Tube Luminometer (Titertek Berthold, Nanjing,
People’s Republic of China) according to the manufacturer’s
protocol (Promega, USA). The firefly luciferase activity of each
sample was normalized to the Renilla luciferase activity. Three
independent repeats were performed for all above transfection
experiments.

Infection Experiments

DEF-1 cells were detached from cell culture vials by trypsin
treatment, evenly plated in six-well plates and then incubated in
the medium without antibiotics. The MG-infection experiments
were divided into an experimental group and a control group,
and each infection experiment was repeated three independent
times with three replicates of each sample. When the cells
in the experimental group reached 80-90% confluence, they
were infected with 100 pl of MG at the mid-exponential phase
(1 x 10'°CCU/ml). The cells in both groups were collected in
Trizol (Invitrogen, Carlsbad, CA, USA) for further use at 24
h post-infection. Infected-chicken embryonic lung tissues and
the controls were deposited in Key Laboratory of Agricultural
Animal Genetics, Breeding and Reproduction, Ministry of
Education, Huazhong Agricultural University (Wuhan, Hubei
430070, China).

Quantitative PCR
Total RNA was extracted from the cultured cells or the frozen
chicken embryonic lung tissues with TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA). The purification of RNA was performed
using RNeasy mini columns according to the manufacturer’s
protocol (Qiagen; Valencia, CA). Using the Prime Script™ RT
reagent kit with gDNA eraser (TaKaRa, Tokyo, Japan), RT-qPCR
was performed using 1 pg of total RNA from each sample with
TransStart Top Green qPCR SuperMix (TRANSGEN, Beijing,
China) on the CFX96 or CFX384 TouchTM (Bio-Rad, Hercules,
CA, USA). The Ct (2722Ct) method was used to calculate
relative expression of gga-miR-19, ZMYNDI11, NF-«B, MyD88,
and TNF-« (Livak and Schmittgen, 2001). The data were analyzed
using 7500 software v.2.0.1 (Applied Biosystems, Foster City,
CA, USA), with the automatic Ct used to determine the baseline
and threshold for Ct determination. 5S-RNA was used as an
internal control for miR-19a, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal control for
ZMYNDI1, NF-k B, TNF-a and MyD88. The primers are listed in
Table 1. The experiment was performed three independent times
with three replicates of each sample, for a total of nine samples.
DEF-1 cells were seeded in six-well plates at 6 x 10° cell/well
in 100 pl of DMEM containing 10% (v/v) FBS and incubated
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overnight at 39°C with 5% CO,. Before transfection, the DF-1
cells were washed twice using phosphate-buffered saline (PBS),
and Opti-MEMI ReduMced Serum was added. Firstly, 200 pl of
Opti-MEMI ReduMced Serum and 6 pl of Lipofectamin 2000
(Invitrogen Life Technologies, USA) were added to centrifuge
tube A. Next, 7.5 pmol of miR-19a, miR-19a-NC, miR-19a-
Inh or miR-19a-Inh-NC, and 200 pl of Opti-MEMI ReduMced
Serum were added to tube B and reacted for 5 min at room
temperature. Next, tubes A and B were mixed for 20 min at
room temperature. The mixture of tubes A and B was added into
six-well plates and continuously incubated for 4 h with DMEM
containing 10% (v/v) FBS, 100 IU/ml penicillin G and 100 p.g/ml
streptomycin to replace the previous medium. In addition, a
mock transfection was used as a blank control (denoted as
blank). The cells were collected at 48 h post-transfection. Total
RNA was extracted and purified, and RT-PCR was performed
in a TransStart Top Green qPCR SuperMix (TRANSGEN,
China) on CFX96 or CFX384 TouchTM (Bio-Rad, USA). The
transfections were performed three independent times. The
relative mRNA levels of NF-kB, MyD88 and TNF-o were
calculated using the 272ACt method (Livak and Schmittgen,
2001).

Western Blot Analysis

DE-1 cells were seeded in 24-well plates and transfected with
the indicated RNA oligonucleotides. Total proteins were isolated
from the DF-1 cells 48 h post-transfection using RIPA-buffer
(Beyotime, Beijing, China) with 100 mM phenylmethanesulfonyl
fluoride (PMSF). Protein concentrations were determined
with the bicinchoninic acid (BCA) protein assay reagent kit
(Beyotime, Beijing, China). Then, 10 pg of the total protein was
separated using 12% sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes (Beyotime, Beijing, China) by
electrophoresis for 2h at 80 mA. Membranes were blocked
with 5% (w/v) fat-free milk at room temperature for 1h. The
membrane was incubated overnight with primary antibodies
at 4°C, including goat polyclonal anti-ZMYND11 (Santa Cruz,
Biotechnology, Inc. Santa Cruz, CA, USA) and rabbit anti-B-
actin, which served as a protein loading control. Then, the
membrane was washed and incubated with rabbit anti-goat
secondary antibody for 1 h. After three washes with TBST,
antigen-antibody complexes on the membranes were detected
using an enhanced chemiluminescence (ECL) detection system
(Bio-Rad, Hercules, CA, USA). All assays were performed in
triplicate.

Cell Proliferation and Cell Cycle Assays

A total of 6 x 10% DF-1 cells were plated in triplicate in six-well
plates in 100 .l of DMEM medium containing 10% (v/v) FBS and
incubated overnight at 39°C in a humidified 5% CO, incubator.
DE-1 cells were then transfected with miR-19a, miR-19a-NC,
miR-19a-Inh or miR-19a-Inh-NC, as described above. At 4h
post-transfection, the cells then were infected with 7 pl of MG-
HS strain at 1010 CCU/ml. At 24 h, 48 h, 72 h post-transfection,
10 ul 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.
Cell proliferation was determined using the Cell Counting Kit-
8 according to the manufacturer’s protocol (CCK-8, DOJINDO,
Shanghai, China). The optical density at 450 nm of each well
plate was measured using a microplate reader (Bio-Rad, Hercules,
CA, USA).

The cell cycle assay was performed in 24-well plates. The DF-1
cells were transfected with gga-miR-19a, miR-19a-NC, miR-19a-
Inh or miR-19a-Inh-NC. At 4 h post-transfection, the cells were
infected with 7 jul of MG-HS strain at 10'® CCU/ml. At 48 h post-
transfection, the cells were harvested, washed with ice-cold PBS,
and fixed in ice-cold 70% ethanol in PBS for 12h. Similarly,
miR-free-MG+ and blank MG— were used as controls. The
cell cycle was analyzed with a flow cytometer, using the cell
cycle detection kit (KeyGEN, Nanjing, China). The percentages
of the cells in the G1, S and G2 phases were calculated. Three
replicate wells were included in each experimental group, and
all experiments were repeated independently in triplicate three
separate times.

Statistical Analysis

All assays were performed three times in triplicate, and all nine
values were applied to statistical analysis. The data are presented
as the mean £ SD and were analyzed by Students f-test. A
p <0.05 was considered statistically significant (*P < 0.05,
*p < 0.01).

RESULTS

Prediction of the Target Gene of
gga-miR-19a

Using miRNA deep sequencing, we previously found that
gga-miR-19a was up-regulated in infected chicken embryonic
lung tissues (unpublished lab data).

To identify the targets of gga-miR-19a, we carried out a
bioinformatics analysis using targetScan (http://www.targetscan.
org/) and miRDB (http://www.mirdb.org/miRDB/). ZMYNDI1
was listed as a potential gga-miR-19a target gene based on its
high score (score 98), and the highly conserved target site on
the 3’-UTR of ZMYNDI1 in a wide range of species, including
human, mouse, dog, monkey, platypus, etc. (Figure 1C). The
predicted target site is a 87-109 base sequence, and the potential
binding site is a 102-108 base sequence (Figure1A). The
minimum free energy (mFE) between ZMYNDII 3'-UTR
and gga-miR-19a was calculated in RNAhybrid software
(http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/). The mFE
was about —20.5kCal/mol, which indicates high stability
(Figure 1B). The functions of ZMYNDI1 in chickens were
investigated using DAVID Bioinformatics Resources 6.7
(http://david.abcc.nciferf.gov/) (Ikeda et al., 2010), which
suggests negative regulation of the NF-kB signaling pathway
(Figure 1D).

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

September 2016 | Volume 6 | Article 102


http://www.targetscan.org/
http://www.targetscan.org/
http://www.mirdb.org/miRDB/
http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/
http://david.abcc.ncifcrf.gov/
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Hu et al.

gga-miR-99a Helps Anti-MG-HS in Chickens

87 109
ZMYND11 3-UTR §'

. . . GRAUUUGCUUCCCAUUUUGCACC. . .

target gene of gga-miR-19a.
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FIGURE 1 | Bioinformatics analysis of the target genes of gga-miR-19a. (A) Sequence schematic diagram of gga-miR-19a and the target site in the 3’-UTR of
ZMYND11. The seed sequence of gga-miR-19a is underlined, and the matching or complementary nucleotides between gga-miR-19a and ZMYND11 3'-UTR are
indicated; (B) The predicted secondary structure of the RNA duplex of gga-miR-19a and the ZMYND11 3'-UTR target site (Red: Target sequence; Green:
gga-miR19a); (C) Sequence alignment of ZMYND11 3'-UTR from different species. The conserved target sequences are highlighted; (D) Predicted function of the

ZMYND11 Is the Direct Target of
gga-miR-19a

To further clarify whether gga-miR-19a directly targets to the
3’-UTR of ZMYNDI1, we used a luciferase reporter gene assay
(psi-CHECK™-2), where the firefly luciferase gene was fused
to the entire 3'-UTR of ZMYNDI1 (Luc-ZMYNDI11), and the
Renilla luciferase was used for normalization. A luciferase activity
assay was performed 48 h after co-transfection of DF-1 cells
with gga-miR-19a mimics (miR-19a) and the Luc-ZMYNDI1
(3’-UTR) vector. ZMYND11 3/-UTR luciferase activity was
significantly inhibited by gga-miR-19a, whereas no effect on
luciferase activity was observed in the miR-19a-NC-transfected
cells (Figure 2). However, when miR-19a-Inh was transfected
into the DF-1 cells, the luciferase activity was significantly
increased, even in the presence of gga-miR-19a. As expected,
miR-19a-Inh-NC did not have effects on ZMYNDI1 3'-UTR
luciferase activity (Figure 2). Altogether, these results indicate

that gga-miR-19a inhibited ZMYNDII gene expression by
directly binding to its complementary sequence in the 3’-UTR
of ZMYNDI 1 in a sequence-specific manner.

gga-miR-19a Negatively Regulates
ZMYND11 Expression

Next, we examined the effect of gga-miR-19a on endogenous
ZMYNDI1 expression in detail. By using gPCR and a Western
blot, we studied the expression of ZMYNDI11 in DF-1 cells
that were transfected with miR-19a, miR-19a-NC, miR-19a-
Inh or miR-19a-Inh-NC. By transient transfection, gga-miR-
19a was over-expressed in DF-1 cells at 88.9 times the level of
endogenous gene expression (miR-19a-NC) (Figure 3A). gga-
miR-19a mimics significantly decreased ZMYNDI11 expression at
both the mRNA level and protein levels at 48 h post-transfection
(Figures 3B,C). In contrast, the endogenous gga-miR-19a was
reduced 8.5-fold in the cells transfected with gga-miR-19a

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5

September 2016 | Volume 6 | Article 102


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Hu et al.

gga-miR-99a Helps Anti-MG-HS in Chickens

%* %k
0.7 7
* ¥
= 0.6 -
=
2 05
]
8 .. |
2 0.4 1
S
=
5 0.3 4
g 0.2 1
=
& 0.1
0 .
Luc-ZMYNDI11 + + + +
miR-19a +
miR-19a-NC -
miR-19a-Inh +
miR-19a-Inh-NC +
FIGURE 2 | Gga-miR-19a directly targets to ZMYND11. DF-1 cells were
co-transfected with Luc- ZMYND11 (3'-UTR) and the indicated RNA
oligonucleotides. Luciferase activity was assayed at 24 h post-transfection.
The firefly luciferase activity of each sample was normalized to the Renilla
luciferase activity. All values are represented as the mean + SD of three
independent experiments in triplicate and were analyzed by Student’s t-test.
Significant differences are denoted as “*P < 0.01.

inhibitor (Figure 4A), which led to the increased expression of
ZMYNDI1 at both the mRNA and protein levels at 48 h post-
transfection (Figures 4B,C). These results indicate that gga-miR-
19a down-regulates ZMYNDI11 expression through binding to
the ZMYNDI11 3’-UTR in DF-1 cells.

gga-miR-19a Promotes the Proliferation of
MG-Infected DF-1 Cells by Inducing the G1

Phase Transition into the S and G2 Phases

To elucidate the biological significance of gga-miR-19a in MG-
HS pathogenicity, we transfected DF-1 cells with gga-miR-19a
mimics and then infected the cells with 7 pul of MG-HS strain
at 101 CCU/ml [denoted as miR-19a (MG+)]. In parallel, we
prepared three control groups. One was transfected with miR-
19a-NC and then infected with 7 pl of MG-HS strain at 10'°
CCU/ml [denoted as miR-19a-NC (MG+)]; the second was
infected with only 7 pl of MG-HS strain at 10'° CCU/ml
[denoted as miR-free (MG+)]; and the third group consisted
of the uninfected DF-1cells [denoted as blank (MG—)]. The
proliferation of DF-1 cells was measured at 24, 48, and 72h
post-transfection using the Cell Counting Kit-8. During the first
48 h post-transfection, a decrease in cell viability was observed
in all MG-infected groups (including miR-19a-NC, miR-free and
over-expressed miR-19a) compared to the blank MG- group.
At 72 h post-transfection, although the cell viability of the
two control groups, miR-19a-NC (MG+) and miR-free (MG+),
remained low, a remarkable increase in DF-1 cell proliferation

was observed in the cells over-expressed gga-miR-19a. As a result,
the cell viability of the blank MG- group and the test group
over-expressing gga-miR-19a (MG+) reached the same level at
72 h post-transfection (Figure 5A). Next, we studied the effects of
miR-19a inhibitor on cell proliferation. After miR-19a inhibitor
was transfected into DF-1 cells (miR-19a-Inh), the expression of
gga-miR-19a was significantly repressed. As expected, this change
resulted in a significant reduction in the proliferation of DF-1
cells at 72 h post-transfection, compared to proliferation in the
blank MG- group. We also observed a significant reduction in
proliferation compared to the miR-19a-Inh-NC (MG+) group
or the miR-free group (MG+) (Figure 5B). In summary, our
results suggest that gga-miR-19a enhances DF-1 cell proliferation
by inhibiting MG propagation.

To further investigate how gga-miR-19a regulates DF-1 cell
proliferation, the distribution of cells in different stages of the cell
cycle was assayed with a flow cytometer. Similarly, the synthetic
RNA oligonucleotides were transfected into DF-1 cells. MG
infection inhibited mitosis by inducing the G1 cell cycle arrest in
the DF-1 cells. The over-expression of gga-miR-19a significantly
increased the percentage of the S and G2 phases cells, whereas
the percentage of the G1 phase cells was significantly decreased
compared to that in the control groups except for the blank
(MG-) (Figure 6). On the contrary, gga-miR-19a-Inh arrested the
cell cycle progression at the G1 phase (Figure 7).

Taken together, these results indicate that gga-miR-19a
inhibits MG propagation, and promotes the proliferation of DF-1
cells by affecting the cell cycle.

Expression of gga-miR-19a, ZMYND11,
NF-kB, TNF-o,and MyD88in MG-Infected

DF-1 Cells and Chicken Embryonic Lungs
It was shown that ZMYNDI11 could negatively regulate the NF-kB
signaling pathway in chickens by DAVID analysis (Figure 1D).
We demonstrated that gga-miR-19a was significantly up-
regulated in MG-infected DF-1 cells relative to its expression in
non-infected DF-1 cells (Figure 8A), whereas the expression of
ZMYNDI11 mRNA was significantly down-regulated (Figure 8B).
As expected, the expression of NF-k B, TNF-o and MyD88 were
also significantly up-regulated (Figure 8C).

Subsequently, we examined the effects of MG infection on the
expression of the above genes in vivo by injecting the chicken
embryos with MG-HS on the 9th hatching day. On the 4, 5,
11, and 12th days post-infection (equivalent to the 12, 13, 19,
and 20th days of egg hatching), the expression of gga-miR-
19a was significantly higher in MG-infected chicken embryonic
lungs (Figure 9A). As expected, the expression of ZMYNDI1
showed a pattern opposite that of gga-miR-19a on the 4, 5,
11, and 12th days post-infection (Figure 9B). As in the in vivo
experiments, the expression patterns of NF-«x B (Figure 9C), TNF-
o (Figure 9D) and MyD88 (Figure 9E) in lungs were similar to
those of gga-miR-19a throughout the test stages after infection.
These results were consistent with the predictions obtained by
bioinformatics, and indicated that MG-infection could enhance
the expression of gga-miR-19a, NF-k B, TNF-oc and MyD88, but
inhibited that of ZMYNDI1.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

September 2016 | Volume 6 | Article 102


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Hu et al. gga-miR-99a Helps Anti-MG-HS in Chickens

A B e

miR-192 miR-19a  blank

-NC
- W S ZMYNDI11
= & -aup D G ot
(]
<
& 2 = 0.307
o ) S
=1 n

& E % 0.25-
; = E_ *%
2 2 5 0.20-
£ =]
S 2
o & S 0.15-

(=%

= 0.10

2 0.05 1

S o M

ISMEE e
@&' ’\q‘b AY)

{'Q&

FIGURE 3 | Gga-miR-19a inhibits ZMYND11 expression. (A) Over-expression of gga-miR-19a in DF-1 cells; (B) The level of ZMYND11 mRNA in DF-1 cells
over-expressing gga-miR-19a was determined by RT-gPCR; (C) Western blot was performed to analyze ZMYND11 protein expression in DF-1 cells at 48 h post-
transfection with gga-miR-19a. A mock transfection was used as the blank. GAPDH was used as an internal quantitative control. All values are represented as the
mean =+ SD of three independent experiments in triplicate. Significant differences are denoted as **P < 0.01.

gga-miR-19a Regulates the NF-«kB
Signaling Pathway in DF-1 Cells

To determine the effects of gga-miR-19a on NF-kB activity,
DEF-1 cells were transfected with gga-miR-19a, miR-19a-NC,
miR-19a-Inh  or miR-19a-Inh-NC for 48 h. The over-
expression of gga-miR-19a, but not miR-19a-NC, resulted in a
significant increase in NF-kB, TNF-o, and MyD88 expression
(Figures 10A-C). Conversely, NF-«B, TNF-a, and MyD88
expression were greatly inhibited by the over-expression of
miR-19a-Inh (Figures 11A-C). These results suggest that gga-
miR-19a positively regulates the activity of the NF-kB signaling
pathway in inflammation by inhibiting ZMYNDI 1 expression.

DISCUSSION

It is well documented that miRNAs are critical regulators of
gene silencing that exert their function through suppressing
translation or/and promoting degradation of targeted mRNAs.
They have important regulatory functions in multiple cellular
processes, including immune responses, cellular differentiation,
cellular proliferation, cell apoptosis, and inflammation (Ambros,
2004; Bartel, 2004, 2009). Accumulating evidence indicates that
microbial infections can alter the expression of cellular miRNAs
in chickens (Wang et al., 2009; Wang Y. S. et al., 2013; Lee et al,,
2012; Lian et al., 2012; Li X. et al., 2014). Moreover, the miR-
17-92 cluster (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1
and miR-92-1) has been reported to be frequently over-expressed

in human cancers and has oncogenic activity (He et al., 2005;
Mendell, 2008). Our previous deep sequencing results showed
that some host miRNAs were aberrantly expressed, and gga-
miR-19a was up-regulated in lungs of MG-infected SPF chicken
embryos (unpublished lab data). Consistent with these results,
this study found that gga-miR-19a expression was significantly
increased in MG-infected DF-1 cells (Figure 8A) and chicken
embryonic lungs on the 4, 5, 11, and 12th days post-infection
(Figure 9A). Moreover, we identified ZMYNDI1 as the target
gene of gga-miR-19a (Figure 2). The ZMYNDI1 gene showed
opposite expression patterns in DF-1 cells and the lung tissues
(Figures 8B, 9B.) These results also confirm that gga-miR-19a
was up-regulated in cells and tissues infected by MG and could
directly and negatively regulate ZMYNDI11 expression by binding
to the 3'UTR of ZMYNDI1 mRNA.

Mpycoplasma causes severe inflammation in humans and
animals and induces a series of pro-inflammatory cytokines in
a variety of cell types (Muzio et al., 2000; Barton and Medzhitov,
2003; Beutler, 2004). Mycoplasma fermentans lipoproteins trigger
inflammatory responses via activation of TLR2 and TLR6,
followed by activation of NF-kB (Takeuchi et al., 2000; Nishiguchi
et al., 2001). In our previous study, TLR2 and TLR6 were up-
regulated upon MG infection. This event was followed by up-
regulation of the downstream NF-kB-mediated inflammatory
responses (Tian et al., 2016).

The NF-«kB signaling pathway is extensively involved in
inflammatory responses to microbial infections (Hayden
and Ghosh, 2011; Newton and Dixit, 2012). It promotes
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FIGURE 4 | Inhibition of gga-miR-19a increases ZMYND11 expression. (A) Transfection of miR-19a-Inh reduced the expression of gga-miR-19a in DF-1 cells;
(B) Transfection of miR-19a-Inh increased the expression of ZMYND11 in DF-1 cells; (C) Western blot was performed to analyze ZMYND11 protein expression in DF-1
cells at 48 h post-transfection with miR-19a-Inh. A mock transfection was used as the blank; the expression of GAPDH was used as a loading control. All values are
represented as the mean + SD of three independent experiments in triplicate. Significant differences are denoted as **P < 0.01.
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FIGURE 5 | The effect of gga-miR-19a on DF-1 cell proliferation. DF-1 cells were transfected with gga-miR-19a, miR-19a-NC, miR-19a-Inh or miR-19a-Inh-NC
and were incubated for 4 h. The cells were then infected with the MG-HS strain. Four control groups, including miR-19a-NC (MG+), miR-19a-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-8a. 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). (A)
The over-expression of gga-miR-19a dramatically promotes DF-1 cell proliferation; (B) Inhibitor of gga-miR-19a inhibites the proliferation of DF-1 cells.
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FIGURE 6 | The effect of the over-expression of gga-miR-19a on the distribution of DF-1 cells in the cell cycle. DF-1 cells were transfected with
gga-miR-19a or miR-19a-NC and were incubated for 4 h. The cells then were infected with MG-HS strain. Three control groups, including miR-19a-NC (MG+),
miR-free (MG+) and blank (MG—), were used. At 48 h post-transfection, the cell phase distribution was analyzed using a flow cytometer. Three independent
experiments were performed in triplicate. All values are represented as the mean + SD. Significant differences are denoted as **P < 0.01.

pro-inflammatory cytokines expression (e.g., TNF-a, IL-6 and
IL-8) and plays an important role in the regulation of innate
and adaptive immunity (Gao et al, 2014; Giles et al., 2016;
Yang and Wang, 2016). These host defense mechanisms are
highly conserved, including induction of cell proliferation to
protect the host from infection (Lemaitre and Hoffmann, 2007;
Panayidou et al.,, 2014). A number of miRNAs are known to
participate in the regulation of the NF-kB signaling pathway at
multiple steps, thus affecting the outcome of microbial infection
(Lecellier et al., 2005; Ma et al., 2011b). miR-146 is an immune
system regulator and plays a key role in regulating different
types of diseases (Jopling et al., 2005). For example, miR-146a
down-regulates the expression of TRAF6 and IRAKI to suppress
the activity of the NF-«kB signaling pathway and has a key
role in suppressing tumorigenesis and tumor progression by
inhibiting tumor cell migration and invasion (Taganov et al.,
2006). In HCV- or HIV-infected cells, the up-regulation of
miR-155 and miR-21 represses the NF-kB signaling pathway
(Houzet et al., 2008; Marquez et al., 2010; Zhang Y. et al., 2012).
During HIV infection, the down-regulation of miR-16 results in

the activation of the NF-kB signaling pathway, thus enhancing
immune responses (Li et al, 2010). miR-301la promotes the
activation of the NF-kB signaling pathway by down-regulating
NF-kB inhibiting factors (Lu et al., 2011). miR-9 inhibits ovarian
and gastric cancer cell growth through modulation of the
NF-kB signaling pathway (Guo et al.,, 2009; Wan et al., 2010;
Wang et al., 2010). miR-19 regulates the activity of the NF-kB
signaling pathway to produce pro-inflammatory cytokines in
inflammation (Gantier et al., 2012). Earlier studies have shown
that ZMYND11 negatively regulated Epstein-Barr virus latent
membrane protein 1-mediated NF-kB activation and then
enhanced IL-6 expression (Ikeda et al., 2009, 2010). In this study,
analysis using DAVID bioinformatics resources 6.7 indicated
that ZMYNDI11 could negatively regulate the NF-«kB signaling
pathway in chickens. In the in vivo experiments, MG infection
resulted in a significant increase of gga-miR-19a, NF-k B, TNF-«
and MyD88 expression but a dramatic decrease in ZMYNDII
expression (Figures 9A-E). In the in vitro experiments, the
over-expression of gga-miR-19a resulted in a significant increase
in NF-kB, TNF-a and MyD88 expression at mRNA levels in
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FIGURE 7 | The effect of gga-miR-19a inhibitor on the distribution of DF-1 cells in the cell cycle. DF-1 cells were transfected with miR-19a-Inh or
miR-19a-Inh-NC and were incubated for 4 h. The cells were then infected with MG-HS strain. Three control groups, including miR-19a-Inh-NC (MG+), miR-free
(MG+) and blank (MG—), were used. At 48 h post-transfection, the cell cycle was analyzed using a flow cytometer. All values are represented as the mean + SD of
three independent experiments in triplicate. Significant differences are denoted as **P < 0.01.

DF-1 cells (Figures 10A-C), whereas gga-miR-19a inhibitor
drastically inhibited NF-k B, TNF-o and MyD88 expression at the
mRNA level (Figures 11A-C). However, ZMYNDI11 showed the
opposite pattern of expression in DF-1 cells (Figures 3B, 4B).
Our results suggest that gga-miR-19a might play a critical
regulatory role in activating the NF-«kB signaling pathway to
produce pro-inflammatory cytokines by suppressing ZMYND11
expression. gga-miR-19a might play an important role in the
pathogenesis of MG infection by regulating the MyD88/NF-kB
signaling pathway.

Activation of NF-«kB results in the production of pro-
inflammatory cytokines and affects cell proliferation (Gao et al,,
2014; Yang and Wang, 2016). NF-kB promotes melanoma
cell proliferation via miR-7-5p (Giles et al., 2016). The up-
regulation of miR-181a activates the NF-«kB signaling pathway
to promote colorectal cancer cell proliferation and increase
host anti-infection activity (Hai et al., 2016). The significant
up-regulation of miR-30la enhances NF-kB expression to
promote cell proliferation, migration and invasion in human
hepatocellular carcinoma (Xie et al., 2015). gga-miR-221/222

suppresses the cell cycle of T-cell lymphoma in Marek’s disease
(MD) (Lambeth et al., 2009), and gga-miR-181a and gga-miR-
26a inhibit proliferation of Marek’s disease lymphoma cells
(Li X. et al, 2014; Lian et al., 2015). The miR-17-92 cluster
that is over-expressed in ESCC improves esophageal cellular
proliferation both in vitro and in vivo and enhances the cell
cycle progression in tumor cells (Hayashita et al., 2005; Liu et al.,
2011). The up-regulation of miR-19a and miR-19b promotes
cervical carcinoma cell proliferation and invasion by targeting
CUL5 (Xu et al., 2012). We found that MG infection inhibits
mitosis by blocking the transition from the G1 phase to the S
and G2 phases in DF-1 cells (Figures 6, 7). The over-expression
of gga-miR-19a accelerated the cell cycle progression to promote
proliferation by enhancing the percentages of DF-1cells in the
S and G2 phases (Figure 6), whereas the gga-miR-19a inhibitor
repressed proliferation of the DF-1 cells by inducing the Gl
phase arrest (Figure 7). Together, the results suggest that the up-
expression of gga-miR-19a inhibits MG infection by improving
cell proliferation through inducing the transition from the G1
phase to the S and G2 phases.
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FIGURE 8 | Effects of MG infection on the expression of gga-miR-19a, ZMYND11, NF-«xB, TNF-«, and MyD88 in DF-1 cells. The DF-1 cells were infected
with MG-HS as described in the Material and Methods, and the total RNA was extracted. (A) gga-miR-19a expression was assessed by RT-gPCR, using 5S-rRNA as
an internal quantitative control; (B) ZMYND171 mRNA expression was assessed by RT-gPCR, using GAPDH as an internal quantitative control; (C) NF-«B, TNF-a and
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independent experiments in triplicate. Significant differences are denoted as **P < 0.01.

A B
=MG - mMG + =MG - MG +
0.97 o 097 i
= 08] 2 08 I
.9. 0 7 - 'g
2 ;5<_ 0.7
5 067 5 06 |
: 0.5 1 § 0.5
2 ]
3 041 S % ok . =k
g 0.3 1 = 0.3 | T ik
gg 0.2 2 0.2 T
0.17 & 01 ]
-+ 0 -
T 5 1 12 4 5 1L
Days of post-infection Days of post-infection
C D E
=MG - mMG + =MG - mMG + =MG - mMG +
” e 5 sk
glz- o g 12 o 5035
610+ %107 % 0.30
[=5 - =
53 2 g & 0.25
< 0.20 -
2 %1 z 6 Z 0.15
£ 4 ,Qé Rk eé— ’
g S w 0-10 -
f-‘ I sk % T ] sk - xR
%2 g2 £ 0.0s
0 - - - = o 2 0
4 5 11 12 4 5 11 12 4 5 11 12
Days of post-infection Days of post-infection Days of post-infection
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as *P < 0.01.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11 September 2016 | Volume 6 | Article 102


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

gga-miR-99a Helps Anti-MG-HS in Chickens

Hu et al.
A B c
107 1.0 ] ®% =107 #%
8 s 2
g 0.8 %038 go.s ]
(=9 E. (=%
5 06 5 0.6 5 0.6 1
< < <
2 04 2 0.4 2041
E & g
202 3 0.2 £ 0.2
: a
Fz >
O R E 0 - C/ 2 0 d C
Sid & ¥ o S & S &
& & P & & F & & F
S N 63. Y <(§. N
S N S

FIGURE 10 | Over-expression of gga-miR-19a activates NF-xB, TNF-« and MyD88 in DF-1 cells transfected with gga-miR-19a or the negative control.
A mock transfection was used as a blank. At 48 h post-transfection, the expression of NF-«B (A), TNF-« (B), and MyD88 (C) were measured by RT-gPCR. A mock
transfection was used as the blank. All samples were normalized to GAPDH. All values are represented as the mean + SD of three independent experiments in
triplicate. Significant differences are denoted as **P < 0.01.
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FIGURE 11 | Inhibition of gga-miR-19a reduces NF-«B, TNF-« and MyD88 expression. DF-1 cells were transfected with miR-19a -Inh or the negative control.
At 48 h post-transfection, the expression of NF-«B (A), TNF-« (B) and MyD88 (C) were measured by RT-gPCR. A mock transfection was used as the blank, and the
expression of GAPDH was used as a loading control. All values are represented as the mean + SD of three independent experiments in triplicate. Significant
differences are denoted as **P < 0.01.

In summary, our results strongly suggest that the up-  mouse, rat, monkey and platypus (Figure 1C), the results will
regulation of gga-miR-19a represses the expression of ZMYND11  provide valuable insights into the relationship between miRNAs
in MG-infected cells and tissues, which in turn activates and target genes in other species.
the NF-kB signaling pathway and promotes cell proliferation
and the expression of pro-inflammatory cytokines to defend ~AUTHOR CONTRIBUTIONS
against MG infection. Furthermore, gga-miR-19a and its
target gene ZMYNDIllare potential diagnostic biomarkers QH and YZ, collection, assembly and analysis of the data,
and therapeutic targets in the prevention and treatment of  manuscript writing, and data analysis; ZW, discussion and
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As both gga-miR-19a and ZMYNDI1 are highly conserved in  manuscript editing and revision. All authors read and approved
a wide range of species, including human, dog, cow, chimpanzee,  the final manuscript for publication.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12 September 2016 | Volume 6 | Article 102


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Hu et al.

gga-miR-99a Helps Anti-MG-HS in Chickens

FUNDING

This study was funded by the National Natural
Science Foundation of China (Grant No. 31070154 and
31270216).

REFERENCES

Ambros, V. (2004). The functions of animal microRNAs. Nature 431, 350-355. doi:
10.1038/nature02871

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 116, 281-297. doi: 10.1016/S0092-8674(04)00045-5

Bartel, D. P. (2009). MicroRNAs: target recognition and regulatory functions. Cell
136, 215-233. doi: 10.1016/j.cell.2009.01.002

Barton, G. M., and Medzhitov, R. (2003). Toll-like receptor signaling pathways.
Science 300, 1524-1525. doi: 10.1126/science.1085536

Bazzoni, F., Rossato, M., Fabbri, M., Gaudiosi, D., Mirolo, M., Mori, L., et al.
(2009). Induction and regulatory function of miR-9 in human monocytes and
neutrophils exposed to proinflammatory signals. Proc. Natl. Acad. Sci. U.S.A.
106, 5282-5287. doi: 10.1073/pnas.0810909106

Beutler, B. (2004). Inferences, questions and possibilities in Toll-like receptor
signalling. Nature 430, 257-263. doi: 10.1038/nature02761

Bi, D., and Ji, X. (1988). The isolation and identification of the mycoplasma
gallisepticum. Acta Vet. Zootech. Sin. 1, 146-148.

Bi, D., and Xu, Q. (1997). Study on pathogenicity of HS strain Mycoplasma
gallisepticum. Chin. ]. Anim. Poult. Infect. Dis. 5, 24-26.

Calus, D., Maes, D., Vranckx, K., Villareal, I, Pasmans, F., and Haesebrouck,
F. (2010). 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 83, 335-340. doi:
10.1016/j.mimet.2010.09.001

Chen, J., Wang, Z., Bi, D., Hou, Y., Zhao, Y., Peng, X,, et al. (2015). gga-miR-101-3p
plays a key role in Mycoplasma gallisepticum (HS strain) infection of chicken.
Int. J. Mol. Sci. 16, 28669-28682. doi: 10.3390/ijms161226121

Davidson, W., Nettles, V., Couvillion, C., and Yoder, H. W. Jr. (1982). Infectious
sinusitis in wild turkeys. Avian Dis. 26, 402-405. doi: 10.2307/1590112

Di Leva, G., Calin, G. A., and Croce, C. M. (2006). MicroRNAs: fundamental facts
and involvement in human diseases. Birth Defects Res. C. Embryo Today 78,
180-189. doi: 10.1002/bdrc.20073

Feng, Y., Liu, J., Kang, Y., Yue, H,, Bo, L., Ping, Y., et al. (2014). miR-19a acts as
an oncogenic microRNA and is up-regulated in bladder cancer. J. Exp. Clin.
Cancer Res. 33, 67. doi: 10.1186/s13046-014-0067-8

Gambarini, M., Kunz, T., Oliveira Filho, B., Porto, R., Oliveira, C., Brito, W., et al.
(2009). Granular vulvovaginitis syndrome in nelore pubertal and post pubertal
replacement heifers under tropical conditions: role of Mycoplasma spp.,
Ureaplasma diversum and BHV-1. Trop. Anim. Health Prod. 41, 1421-1426.
doi: 10.1007/s11250-009-9330-y

Gantier, M. P., Stunden, H. J., McCoy, C. E., Behlke, M. A.,, Wang, D,
Kaparakisliaskos, M., et al. (2012). A miR-19 regulon that controls NF-kB
signaling. Nucleic Acids Res. 40, 8048-8058. doi: 10.1093/nar/gks521

Gao, Z., Dou, Y., Chen, Y., and Zheng, Y. (2014). MicroRNA roles in the NF-«kB
signaling pathway during viral infections. Biomed. Res. Int. 2014:436097. doi:
10.1155/2014/436097

Giles, K. M., Brown, R. A, Ganda, C., Podgorny, M. J., Candy, P. A,
Wintle, L. C., et al. (2016). MicroRNA-7-5p inhibits melanoma cell
proliferation and metastasis by suppressing RelA/NF-kB. Oncotarget doi:
10.18632/oncotarget.9421. [Epub ahead of print].

Guo, L. M,, Pu, Y., Han, Z., Liu, T., Li, Y. X, Liu, M., et al. (2009). MicroRNA-9
inhibits ovarian cancer cell growth through regulation of NF-kB1. FEBS J. 276,
5537-5546. doi: 10.1111/§.1742-4658.2009.07237.x

Hai, P. P, Feng, B. T., Li, L., Nan, H. Y., and Hong, Z. (2016). IL-18/NF-kb
signaling promotes colorectal cancer cell growth through miR-181a/PTEN axis.
Arch. Biochem. Biophys. 604, 20-26. doi: 10.1016/j.abb.2016.06.001

Hayashita, Y., Osada, H., Tatematsu, Y., Yamada, H., Yanagisawa, K., Tomid, S.,
etal. (2005). A polycistronic microRNA cluster, miR-17-92, is overexpressed in

ACKNOWLEDGMENTS

The authors are grateful to Yanzhang Gong, Chunyan Mou,
Yanping Feng, Shijun Li and Zheya Sheng for their suggestions
to this paper.

human lung cancers and enhances cell proliferation. Cancer Res. 65, 9628-9632.
doi: 10.1158/0008-5472.CAN-05-2352

Hayden, M. S., and Ghosh, S. (2008). Shared principles in NF-kB signaling. Cell
132, 344-362. doi: 10.1016/j.cell.2008.01.020

Hayden, M. S., and Ghosh, S. (2011). NF-kB in immunobiology. Cell Res. 21,
223-244. doi: 10.1038/cr.2011.13

He, L., Thomson, J. M., Hemann, M. T., Hernando-Monge, E., Mu, D., Goodson,
S., et al. (2005). A microRNA polycistron as a potential human oncogene.
Nature 435, 828-833. doi: 10.1038/nature03552

Houzet, L., Yeung, M. L., de Lame, V., Desai, D., Smith, S. M., and Jeang, K. T.
(2008). MicroRNA profile changes in human immunodeficiency virus type 1
(HIV-1) seropositive individuals. Retrovirology 5, 118-118. doi: 10.1186/1742-
4690-5-118

Ikeda, O., Miyasaka, Y., Yoshida, R,, Mizushima, A., Oritani, K., Sekine, Y.,
et al. (2010). BS69 cooperates with TRAF3 in the regulation of Epstein-Barr
virus-derived LMP1/CTARI-induced NF-kappaB activation. FEBS Lett. 584,
865-872. doi: 10.1016/j.febslet.2010.01.060

Ikeda, O., Sekine, Y., Mizushima, A., Oritani, K., Yasui, T., Fujimuro, M.,
et al. (2009). BS69 negatively regulates the canonical NF-kB activation
induced by Epstein-Barr virus-derived LMP1. FEBS Lett. 583, 1567-1574. doi:
10.1016/j.febslet.2009.04.022

Jia, Z., Wang, K., Zhang, A., Wang, G., Kang, C., Han, L,, et al. (2013). miR-19a
and miR-19b over-expression in gliomas. Pathol. Oncol. Res. 19, 847-853. doi:
10.1007/s12253-013-9653-x

Jopling, C. L., Yi, M., Lancaster, M., Lemon, S. M., and Sarnow, P. (2005).
Modulation of hepatitis C virus RNA abundance by a liver-specific microRNA.
Science 309, 1577-1581. doi: 10.1126/science.1113329

Lambeth, L. S., Yao, Y., Smith, L. P., Zhao, Y., and Nair, V. (2009). MicroRNAs 221
and 222 target p27Kipl in MareK’s disease virustransformed tumour cell line
MSB-1. J. Gen. Virol. 90, 1164-1171. doi: 10.1099/vir.0.007831-0

Lecellier, C. H., Dunoyer, P., Arar, K., Lehmann, C. J., Eyquem, S., Himber, C,, et al.
(2005). A cellular microRNA mediates antiviral defense in human cells. Science
308, 557-560. doi: 10.1126/science.1108784

Lee, J. Y., Jeong, W., Kim, J. H., Kim, J., Bazer, F. W., Han, J. Y, et al. (2012).
Distinct expression pattern and post-transcriptional regulation of cell cycle
genes in the glandular epithelia of avian ovarian carcinomas. PLoS ONE
7:¢51592. doi: 10.1371/journal.pone.0051592

Lemaitre, B., and Hoffmann, J. (2007). The host defense of Drosophila
melanogaster. Annu. Rev. Immunol. 25, 697-743. doi: 10.1146/annurev.
immunol.25.022106.141615

Ley, D. H. (2003). “Mycoplasma gallisepticum infection,” in Diseases of Poultry, 11th
Edn., eds Y. M. Saif, H. J. Barens, A. M. Fadly, J. R. Glisson, L. R. McDougald,
and D. E. Swayne (Ames, IA: Iowa State University Press), 722-743.

Li, H., Shang, H., Shu, D., Zhang, H., Ji, J., Sun, B., et al. (2014). gga-miR-375 plays
a key role in tumorigenesis post subgroup J avian leukosis virus infection. PLoS
ONE 9:€90878. doi: 10.1371/journal.pone.0090878

Li, T., Morgan, M. J., Choksi, S., Zhang, Y., Kim, Y. S., and Liu, Z. (2010).
MicroRNAs modulate the noncanonical NF-kB pathway by regulating IKKa
expression during macrophage differentiation. Nat. Immunol. 11,799-805. doi:
10.1038/ni.1918

Li, X,, Lian, L., Zhang, D., Qu, L., and Yang, N. (2014). gga-miR-26a targets
NEKG6 and suppresses Marek’s disease lymphoma cell proliferation. Poul. Sci.
93, 1097-1105. doi: 10.3382/ps.2013-03656

Lian, L., Li, X,, Zhao, C., Han, B,, Qu, L., Song, ], et al. (2015). Chicken gga-miR-
181a targets MYBLI1 and shows an inhibitory effect on proliferation of Marek’s
disease virus-transformed lymphoid cell line. Poult. Sci. 94, 2616-2621. doi:
10.3382/ps/pev289

Lian, L., Qu, L., Chen, Y., Lamont, S. J., and Yang, N. (2012). A systematic
analysis of miRNA transcriptome in MareK’s disease virus-induced lymphoma

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

13

September 2016 | Volume 6 | Article 102


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Hu et al.

gga-miR-99a Helps Anti-MG-HS in Chickens

reveals novel and differentially expressed miRNAs. PLoS ONE. 7:¢51003. doi:
10.1371/journal.pone.0051003

Lim, L. P., Glasner, M. E., Yekta, S., Burge, C. B., and Bartel, D. P. (2003). Vertebrate
microRNA genes. Science 299, 1540. doi: 10.1126/science.1080372

Lindsay, M. A. (2008). MicroRNAs and the immune response. Trends Immunol.
29, 343-351. doi: 10.1016/}.it.2008.04.004

Liu, M., Wang, Z., Yang, S., Zhang, W., He, S., Hu, C,, et al. (2011). TNF-a is a
novel target of miR-19a. Int. J. Oncol. 38, 1013-1022. doi: 10.3892/ij0.2011.924

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2~ 22CT method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Lu, Z., Li, Y., Takwi, A,, Li, B., Zhang, J., Conklin, D. J., et al. (2011). miR-301a
as an NF-kB activator in pancreatic cancer cells. EMBO J. 30, 57-67. doi:
10.1038/emb0j.2010.296

Ma, X., Buscaglia, L. E. B., Barker, J. R, and Li, Y. (2011a). MicroRNAs in NF-kB
signaling. J. Mol. Cell Biol. 3, 159-166. doi: 10.1093/jmcb/mjr007

Ma, X, Yang, L. Xiao, L, Tang, M., Liu, L, Li, Z, et al. (2011b).
Down-regulation of EBV-LMP1 radio-sensitizes nasal pharyngeal carcinoma
cells via NF-«B regulated ATM expression. PLoS ONE 6:€24647. doi:
10.1371/journal.pone.0024647

Marquez, R. T., Bandyopadhyay, S., Wendlandt, E. B., Keck, K., Hoffer, B. A,,
Icardi, M. S., et al. (2010). Correlation between microRNA expression levels
and clinical parameters associated with chronic hepatitis C viral infection in
humans. Lab. Invest. 90, 1727-1736. doi: 10.1038/labinvest.2010.126

Mendell, J. T. (2008). miRiad roles for the miR-17-92 cluster in development and
disease. Cell 133, 217-222. doi: 10.1016/j.cell.2008.04.001

Muzio, M., Polentarutti, N., Bosisio, D., Manoj, K. P., and Mantovani, A. (2000).
Toll-like receptor family and signalling pathway. Bioch. Soc. Trans. 28, 563-566.
doi: 10.1042/bst0280563

Navarro, A., Marrades, R. M., Vifiolas, N., Quera, A., Agusti, C., Huerta, A, et al.
(2009). MicroRNAs expressed during lung cancer development are expressed
in human pseudoglandular lung embryogenesis. Oncology 76, 162-169. doi:
10.1159/000201569

Newton, K., and Dixit, V. M. (2012). Signaling in innate immunity and
inflammation. Cold Spring Harbor. Perspect. Biol. 4, 829-841. doi:
10.1101/cshperspect.a006049

Nicholas, R., and Ayling, R. (2016). Mycoplasma in cattle. Vet. Rec. 178, 478-479.
doi: 10.1136/vr.i2521

Nishiguchi, M., Matsumoto, M., Takao, T., Hoshino, M., Shimonishi, Y.,
Tsuji, S., et al. (2001). Mycoplasma fermentans lipoprotein M161Ag-induced
cell activation is mediated by Toll-like receptor 2: role of N-terminal
hydrophobic portion in its multiple functions. J. Immunol. 166, 2610-2616. doi:
10.4049/jimmunol.166.4.2610

O'Reilly, S. (2016). MicroRNAs in fibrosis: opportunities and challenges. Arthritis
Res. Ther. 18, 11. doi: 10.1186/s13075-016-0929-x

Osman, K., Aly, M., Amin, Z., and Hasan, B. (2009). Mycoplasma gallisepticum:
an emerging challenge to the poultry industry in Egypt. Rev. Sci. Tech. 28,
1015-1023. doi: 10.20506/rst.28.3.1940

Panayidou, S., Ioannidou, E., and Apidianakis, Y. (2014). Human pathogenic
bacteria, fungi, and viruses in Drosophila. Virulence 5, 253-269. doi:
10.4161/viru.27524

Pennycott, T., Dare, C., Yavari, C., and Bradbury, J. (2005). Mycoplasma sturni and
Mycoplasma gallisepticum in wild birds in Scotland. Vet. Rec. 156, 513-515. doi:
10.1136/vr.156.16.513

Perry, M. M., Williams, A. E., Tsitsiou, E., Larner-Svensson, H. M., and Lindsay, M.
A. (2009). Divergent intracellular pathways regulate interleukin-1beta-induced
miR-146a and miR-146b expression and chemokine release in human alveolar
epithelial cells. FEBS Lett. 583, 3349-3355. doi: 10.1016/j.febslet.2009.09.038

Stik, G., Dambrine, G., Pfeffer, S., and Rasschaert, D. (2013). The
oncogenic microRNA OncomiR-21 over-expressed during Marek’s disease
lymphomagenesis is transactivated by the viral oncoprotein Meq. J. Virol. 87,
80-93. doi: 10.1128/JV1.02449-12

Stipkovits, L., Egyed, L., Palfi, V., Beres, A., Pitlik, E., Somogyi, M., et al.
(2012). Effect of low-pathogenicity influenza virus H3N8 infection on
Mycoplasma gallisepticum infection of chickens. Avian Pathol. 41, 51-57. doi:
10.1080/03079457.2011.635635

Taganov, K. D., Boldin, M. P., Chang, K. J., and Baltimore, D. (2006). NF-«kB-
dependent induction of microRNA miR-146, an inhibitor targeted to signaling

proteins of innate immune responses. Proc. Natl. Acad. Sci. U.S.A. 103,
12481-12486. doi: 10.1073/pnas.0605298103

Takeuchi, O., Kaufmann, A., Grote, K., Kawai, T., Hoshino, K., Morr, M., et al.
(2000). Cutting edge: preferentially the R-stereoisomer of the mycoplasmal
lipopeptide macrophage-activating lipopeptide-2 activates immune cells
through a toll-like receptor 2-and MyD88-dependent signaling pathway. J.
Immunol. 164, 554-557. doi: 10.4049/jimmunol.164.2.554

Tian, W., Zhao, C., Hu, Q., Sun, J., and Peng, X. (2016). 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. 59, 39-47. doi:
10.1016/j.dci.2016.01.008

Valencia-Sanchez, M. A, Liu, J., Hannon, G. J., and Parker, R. (2006). Control of
translation and mRNA degradation by miRNAs and siRNAs. Genes Dev. 20,
515-524. doi: 10.1101/gad.1399806

Wan, H. Y, Guo, L. M, Liu, T, Liu, M,, Li, X,, and Tang, H. (2010).
Regulation of the transcription factor NF-kB1 by microRNA-9 in human
gastric adenocarcinoma. Mol. Cancer 9, 16-20. doi: 10.1186/1476-45
98-9-16

Wang, Q., Gao, Y., Ji, X,, Qi, X,, Qin, L., Gao, H., et al. (2013). Differential
expression of microRNAs in avian leukosis virus subgroup J-induced tumors.
Vet. Microbiol. 162, 232-238. doi: 10.1016/j.vetmic.2012.10.023

Wang, Q., Sun, Z. X,, Allgayer, H., and Yang, H. S. (2010). Downregulation
of E-cadherin is an essential event in activating beta-catenin/Tcf-dependent
transcription and expression of its target genes in Pdcd4 knockdown cells.
Oncogene 29, 128-138. doi: 10.1038/0nc.2009.302

Wang, Y., Brahmakshatriya, V., Zhu, H., Lupiani, B., Reddy, S. M., Yoon, B. J.,
et al. (2009). Identification of differentially expressed miRNAs in chicken lung
and trachea with avian influenza virus infection by a deep sequencing approach.
BMC Genomics 10:512. doi: 10.1186/1471-2164-10-512

Wang, Y. S., Ouyang, W., Pan, Q. X, Wang, X. I, Xia, X. X,, Bi, Z. W,,
et al. (2013). Over-expression of microRNA gga-miR-21 in chicken fibroblasts
suppresses replication of infectious bursal disease virus through inhibiting
VP1 translation. Antivir. Res. 100, 196-201. doi: 10.1016/j.antiviral.2013.
08.001

Wendlandt, E. B., Graff, ]. W., Gioannini, T. L., McCaffrey, A. P., and Wilson, M. E.
(2012). The role of microRNAs miR-200b and miR-200c in TLR4 signaling and
NF-kB activation. Innate Immun. 18, 846-855. doi: 10.1177/1753425912443903

Winner, F., Rosengarten, R., and Citti, C. (2000). In vitro cell invasion
of Mycoplasma  gallisepticum. Infect. Immun. 68, 4238-4244. doi:
10.1128/1A1.68.7.4238-4244.2000

Wu, Q,, Yang, Z., An, Y., Hu, H, Yin, J., Zhang, P, et al. (2014). MiR-19a/b
modulate the metastasis of gastric cancer cells by targeting the tumour
suppressor MXD1. Cell Death Dis. 5, e1144. doi: 10.1038/cddis.2014.110

Xie, H., Li, L., Zhu, G., Dang, Q., Ma, Z,, He, D., et al. (2015). Infiltrated
pre-adipocytes increase prostate cancer metastasis via modulation of the
miR-301a/androgen receptor (AR)/TGF-B1/Smad/MMP9 signals. Oncotarget
6, 12326-12339. doi: 10.18632/oncotarget.3619

Xu, X. M., Wang, X. B, Chen, M. M,, Liu, T, Li, Y. X, Jia, W. H,
et al. (2012). MicroRNA-19a and -19b regulate cervical carcinoma cell
proliferation and invasion by targeting CUL5. Cancer Lett. 322, 148-158. doi:
10.1016/j.canlet.2012.02.038

Yang, Y., and Wang, J. K. (2016). The functional analysis of MicroRNAs involved
in NF-kB signaling. Eur. Rev. Med. Pharmacol. Sci. 20, 1764-1774.

Yao, Y., Zhao, Y., Xu, H., Smith, L. P., Lawrie, C. H., Watson, M., et al. (2008).
MicroRNA profile of MareK’s disease virus-transformed T-cell line MSB-1:
predominance of virus-encoded microRNAs. J. Virol. 82, 4007-4015. doi:
10.1128/JV1.02659-07

Ye, H, Liu, X,, Lv, M., Wu, Y., Kuang, S., Gong, J., et al. (2012). MicroRNA
and transcription factor co-regulatory network analysis reveals miR-19 inhibits
CYLD in T-cell acute lymphoblastic leukemia. Nucleic Acids Res. 40, 5201-5214.
doi: 10.1093/nar/gks175

Yoder, H. W. Jr. (1991). Mycoplasma gallisepticum infection. Dis. Poul. 9, 198-212.

Yoshida, T., Hashimura, M., Mastumoto, T., Tazo, Y., Inoue, H., Kuwata, T.,
et al. (2013). Transcriptional upregulation of HIF-la by NF-«kB/p65 and its
associations with p-catenin/p300 complexes in endometrial carcinoma cells.
Lab. Invest. 93, 1184-1193. doi: 10.1038/labinvest.2013.111

Zamore, P. D., and Haley, B. (2005). Ribo-gnome: the big world of small RNAs.
Science 309, 1519-1524. doi: 10.1126/science.1111444

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

14

September 2016 | Volume 6 | Article 102


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Hu et al.

gga-miR-99a Helps Anti-MG-HS in Chickens

Zhang, J., Xiao, Z., Lai, D, Sun, J., He, C., Chu, Z,, et al. (2012). miR-21, miR-
17 and miR-19a induced by phosphatase of regenerating liver-3 promote the
proliferation and metastasis of colon cancer. Br. J. Cancer 107, 352-359. doi:
10.1038/bjc.2012.251

Zhang, X., Yu, H, Lou, J. R, Zheng, J., Zhu, H., Popescu, N. I, et al. (2011).
MicroRNA-19 (miR-19) regulates tissue factor expression in breast cancer cells.
J. Biol. Chem. 286, 1429-1435. doi: 10.1074/jbc.M110.146530

Zhang, Y., Wei, W., Cheng, N., Wang, K., Li, B, Jiang, X, et al. (2012). Hepatitis C
virus-induced up-regulation of microRNA-155 promotes hepatocarcinogenesis
by activating Wnt signaling. Hepatology 56, 1631-1640. doi: 10.1002/hep.25849

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Hu, Zhao, Wang, Hou, Bi, Sun and Peng. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

15

September 2016 | Volume 6 | Article 102


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

	Chicken gga-miR-19a Targets ZMYND11 and Plays an Important Role in Host Defense against Mycoplasma gallisepticum (HS Strain) Infection
	Introduction
	Materials and Methods
	Ethics Statement
	gga-miR-19a Target Analysis
	Design of DNA Primers and Synthesis of RNA Oligonucleotides
	Mycoplasma Strains and Cell Culture
	gga-miR-19 Target Dual-Luciferase Reporter Assay
	Infection Experiments
	Quantitative PCR
	Western Blot Analysis
	Cell Proliferation and Cell Cycle Assays
	Statistical Analysis

	Results
	Prediction of the Target Gene of gga-miR-19a
	ZMYND11 Is the Direct Target of gga-miR-19a
	gga-miR-19a Negatively Regulates ZMYND11 Expression
	gga-miR-19a Promotes the Proliferation of MG-Infected DF-1 Cells by Inducing the G1 Phase Transition into the S and G2 Phases
	Expression of gga-miR-19a, ZMYND11, NF-κB, TNF-α,and MyD88in MG-Infected DF-1 Cells and Chicken Embryonic Lungs
	gga-miR-19a Regulates the NF-κB Signaling Pathway in DF-1 Cells

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


