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A B S T R A C T

Ammonia (NH3), as a harmful gas from agricultural production, plays an important role in air pollution, such as
haze. Although numerous researchers have paid attention to health damage through NH3 inhalation, the ex-
haustive mechanism of NH3 induced intestinal toxicity remains unclear. A genes crosstalk named competing
endogenous RNAs (ceRNA) can explain many regulatory manners from the molecular perspective. However, few
studies have attempted to interpret the injury mechanism of air pollutants to the organism via ceRNA theory.
Here, we thoroughly investigated the lncRNA-associated-ceRNA mechanism in jejunum samples from a 42-days-
old NH3-exposed chicken model through deep RNA sequencing. We observed the occurrence of apoptosis in
jejunum, obtained 46 significantly dysregulated lncRNAs and 30 dysregulated miRNAs, and then constructed
lncRNA-associated-ceRNA networks in jejunum. Importantly, a network regulating G0S2 in NH3-induced
apoptosis was discovered. Research results showed that G0S2 was upregulated in jejunum of NH3-exposed group
and was associated with activation of the mitochondrial apoptosis pathway. G0S2 antagonized the anti-apoptotic
effect of Bcl2, which could be reversed by miR-205a. Meanwhile, lncRNA-107052630 acted as ceRNA to affect
G0S2 function. These data provide new insight for revealing the biological effect of NH3 toxicity, as well as the
environmental research.
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1. Introduction

The value of agricultural exports has rapidly increased over the past
decade and is driven by economic globalization and increasing demand
of developing countries. However, when ships filled with meats and
grains leave the port, a variety of pollutions are left behind, especially
ammonia (NH3) (Stokstad, 2014). This colorless and irritating gas is
mainly derived from feces of farm livestock and ammonia-based liquid
fertilizers, can interact with nitrogen oxides to form the main compo-
nent of haze, thus threatening human and animal health (Plautz, 2018;
Liu et al., 2019). Accumulating evidence has confirmed that the annual
premature mortality caused by particulate matter concentrations
(PM2.5) from NH3 emissions increased the hidden cost of agricultural
exports in the U.S. (Van Damme et al., 2018). NH3 can directly burn the
respiratory system and cause lesions in other tissues through entering
the blood circulation. High concentration of atmospheric NH3 could
overcome liver clearance capacity, resulting in chronic hepatic injury,
hyperammonemia and cerebral edema (Adeva et al., 2012; Zhang et al.,
2015). Chen et al. proved that NH3 induced inflammatory injury in
chicken thymuses by disrupting the antioxidant system and promoting
the expression of inflammatory factors (IL-1β, IL-6, IL-8, and iNOS)
(Chen et al., 2019a). Intestine is a target organ of a variety of air pol-
lutants. Concentrated ambient particles could alter the diversity of gut
microorganisms, thus inducing inflammation in the intestinal tract in
mice (Mutlu et al., 2018). However, because the intestine is an im-
portant source of NH3 production in organisms, the effect of exogenous
NH3 on the intestine has long been ignored. Our micromorphological
result showed that NH3 exposure could cause intestinal microvilli de-
ficiency through disrupting microtubule activity in chicken (Wang
et al., 2019a). This finding suggests that the mechanism of intestinal
damage caused by NH3 must be further explored.

Abnormal cell death is regard as an inherent hallmark of animals
that are undergoing pathological changes or subjected to harmful sti-
mulation. NH3 exposure can cause apoptosis in a variety of tissues (Jin
et al., 2017). It has been reported that NH3 exposure-induced oxidative
stress could result in apoptosis in the liver of black tiger shrimp (Pe-
naeus monodon) (Liang et al., 2016). Furthermore, in vitro experiments
clarified that GSM06 cells treated with ammonium chloride (NH4Cl) to
simulate a NH3 induced-gastric mucous injury model also showed the
release of cytochrome c (CytC) from mitochondria, followed by caspase-
9 (Cas9) activation and caspase-3 (Cas3) cleavage, as well as the
apoptotic phenotype of nuclear pyknosis (Suzuki et al., 2002). Micro-
RNAs (miRNAs) are small non-coding RNAs that posttranslationally
regulate protein-coding messenger RNAs (mRNAs) by binding to target
sequences located at mRNA 3′-UTR, thus blocking mRNA translation
and protein production (Yang et al., 2018). Recent findings identify an
intricate interplay among mRNAs and non-coding RNAs, such as cir-
cular RNAs (cirRNAs) and long non-coding RNAs (lncRNAs). These non-
coding RNAs have ability to act as molecular sponges of microRNAs or
competing endogenous RNAs (ceRNAs), share microRNA response
elements (MREs) with mRNA 3′-UTR, modulating the expression of
mRNAs targeted by microRNAs. This RNA crosstalk represents a novel
layer of gene regulation that plays crucial roles in animal metabolism,
reproduction, cell death, disease and response to irritation (Tay et al.,
2014; Karreth and Pandolfi, 2013; Xu et al., 2016). Gao et al. found that
under heavy metal cadmium stress, lncRNA Metallothionein 1D, Pseu-
dogene (lncRNA MT1DP) was quickly reinforced to function as a ceRNA
competitive binding miR-214, leading to calcium influx and apoptosis
in liver regulated by Metallothionein 1H (MT1H) activated RhoC-
CCN1/2-AKT signaling transduction (Gao et al., 2018). In addition,
lncRNA 3037 promoted apoptosis and necroptosis of broiler trachea by
sponging miR-15a to regulate Bcl2 and A20 expression during hydrogen
sulfide (H2S) exposure (Li et al., 2019). Generally speaking, in the mi-
tochondrial apoptosis pathway, anti-apoptotic gene Bcl2 plays a key
role in Bcl2 homology (BH) domains, the so-called death domain, which
interacts with the pro-apoptotic gene Bax to inhibit apoptosis

(Hoetelmans et al., 2000). A recent study identified G0/G1 switch gene
2 (G0S2) as a new apoptosis regulator that can specifically interact with
Bcl2 and promote apoptosis by preventing the formation of Bcl2/Bax
heterodimers (Kusakabe et al., 2010; Welch et al., 2009). In addition,
G0S2 represses PI3K/mTOR signaling and functions as a tumor sup-
pressor in breast cancer (Yim et al., 2017, 2016). However, studies on
how to regulate the activity of G0S2 have not been reported in detail.

Transcriptomics or global gene expression analysis in the research of
adverse health effects associated with toxicants exposure has potential
application value (Du et al., 2017). Chickens are extensively employed
as model animals to study the biotoxicity of exogenous pollutants.Thus,
in the present study, broiler chicken was used as research object to
assess whether ceRNA mechanisms play a role in intestinal injury in-
duced by NH3. We established lncRNA-associated-ceRNA networks by
screening and analyzing the differentially expressed RNA based on
transcriptome results. Mechanistic investigations demonstrated that
lncRNA-107052630 acts as a ceRNA, serving as a sink for miR-205a that
subsequently activates G0S2 and the mitochondrial apoptosis pathway.
The results of our study will provide a technical reference regarding
research methods of intestinal toxicity of NH3 and have large regulatory
implications for ecological risk assessment of human health.

2. Materials and methods

2.1. Animals and experimental design

Eighty broiler chickens (1-day-old) were randomly divided into two
groups (forty chickens/group) named the C group and the NH3-exposed
group, respectively. Chickens from both groups were transferred to
environmentally controlled exposure chambers (chamber C and
chamber N) and housed in individual cages under standard brooding
practices. Concentrated NH3 was delivered in a whole-body animal
exposure chamber at 20 ± 0.5 mg/m3 during 1–21 days and
45 ± 0.5 mg/m3 during the 22–42 days (Shi et al., 2019). Meanwhile,
we used LumaSense Photoacoustic Field Gas-Monitor Innova-1412
(Santa Clara, CA, USA) to monitor NH3 concentrations of chambers
belong to C and NH3 groups continuously. Water and food were offered
ad libitum by conventional feeding methods. Chickens were euthanized
on the 42nd day of feeding. Then, the jejunum was extracted quickly,
washed with normal saline and fixed with 4% paraformaldehyde or
stored at – 80 °C for further experiment. The Animal Care and Use
Committee of Northeast Agricultural University (SRM-11) approved all
procedures used in the present study.

2.2. TUNEL staining

After removing the jejunums from C and NH3 groups of chicken, the
jejunal tissues were rinsed with normal saline and exposed to immer-
sion fixation for 24 h at 4 °C in 4% paraformaldehyde. Then,
5 μm paraffin-embedded sections were generated from the jejunum
tissues. An in situ apoptosis detection kit (Roche, Penzberg, Germany)
was used for TdT-mediated dUTP Nick-End Labeling (TUNEL) staining.
In brief, jejunum sections were incubated in the permeabilization so-
lution and treated with the TUNEL reaction mixture. Subsequently,
10 μg/mL 4, 6-diamidino-2-phenylindole (DAPI) was used to stain and
localize the nuclei of cells in the intestinal section in a humidified dark
chamber. Using a scanning confocal microscope (Olympus FluoView
FV1000), all intestinal nuclei were stained blue by DAPI, and the ob-
served green-stained cells were proved to be apoptotic cells based on
TUNEL result.

2.3. miRNA and lncRNA sequencing

Jejunal tissues of chicken from C group and NH3 group (n = 3/
group) were used for miRNA and lncRNA sequencing. Samples from
these two groups were lysed using Trizol Reagent (Invitrogen, Carlsbad,
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CA, USA), and total RNA was obtained according to the manufacturer's
instructions. We measured the purity of RNA using a NanoPhotometer®
spectrophotometer (IMPLEN, CA, USA) and the quantity of RNA was
detected using a Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life
Technologies, CA, USA). A total amount of 1 μg RNA (RNA's RIN
value > 7) per sample was used as input material for the RNA sample
preparations. For lncRNA sequencing, after removing ribosomal RNA
(rRNA) from total RNA using a Epicentre Ribo-zero™ rRNA Removal Kit
(Epicentre, USA) and cleaning up rRNA free residue via ethanol pre-
cipitation, the sequencing libraries were generated using the NEBNext®
Ultra Directional RNA Library Prep Kit for Illumina® (NEB, USA) with
rRNA-depleted RNA following the manufacturer's recommendations.
First, in the reaction buffer used in second strand cDNA synthesis,
double-stranded cDNA was synthesized and dTTPs were replaced with
dUTPs. Second, cDNA fragments preferentially 150∼200 bp in length
were selected from the library fragments purified by AMPure XP system
(Beckman Coulter, Beverly, USA). Third, before performing PCR, size-
selected and adaptor-ligated cDNA was reacted with 3 μL USER Enzyme
(NEB, USA) at 37 °C for 15 min followed by 5 min at 95 °C. Then, PCR
was performed with Phusion High-Fidelity DNA polymerase, Universal
PCR primers, and Index (X) Primer. Finally, PCR products were purified
using the AMPure XP system, and library quality was assessed on the
Agilent Bioanalyzer 2100 system. For miRNA sequencing, RNA from
two groups of jejunums was used as input material for microRNA li-
brary preparation. Sequencing libraries were obtained used the
NEBNext® Multiplex Small RNA Library Prep Set for Illumina® (NEB,
USA) following the manufacturer's recommendations. After enrichment
for 16–32 nt small RNAs, multiplex adaptor ligation, reverse tran-
scription primer hybridization, reverse transcription reaction and PCR
amplification, cDNA constructs were purified and loaded on the
Bioanalyzer 2100 system.

2.4. Quality control, reads mapping and differential expression analysis

We first processed Raw reads in the fastq format via in-house Perl
scripts. After deleting reads with low quality, sequences containing
adapters, reads containing ploy-N and empty reads from raw reads, we
obtained the clean reads. Subsequently, the GC content of clean reads
was calculated, and all the downstream analyses were based on high-
quality clean data. For lncRNA mapping, the obtained clean reads were
mapped to the reference genome of chicken that was directly down-
loaded from a genome website. Bowtie v2.2.3 was used to establish the
index of the reference genome, and paired-end clean reads were aligned
to the reference genome using TopHat v2.0.12. For miRNA mapping,
after removing identical sequences, the clean reads from 18 to 32 nt
were counted and mapped to the chicken genome (version miRbase
V1.0) to annotate the location in the chromosomes using BWA (http://
bio-bwa.sourceforge.net/). In addition, assembled unique sequences
were identified using Rfam database 10.1. We used HTSeq (https://
htseq.readthedocs.io/en/release_0.9.1/) to count the number of
mapped reads. Subsequently, the FPKM of each gene was calculated
according to the gene length and read count mapped to this gene. EB-
Seq was applied to perform differential expression analyses of two
groups (three biological replicates per group). Routine statistical as-
sessment using EB-Seq combined with fold change (FC) and false dis-
covery rate (FDR) was performed to determine the differentially ex-
pressed lncRNAs (DE-lncRNAs) or miRNAs (DE-miRNAs) (Fold
Change > 1.5; FDR < 0.05). The obtained DE-lncRNAs or DE-miRNAs
were used to construct heat map through heatmap.2 function in gplots
package of R (https://cran.r-project.org/web/packages/gplots/index.
html).

2.5. ceRNA interaction network construction and functional analysis

By integrated our previous published jejunum mRNA sequencing
data (Wang et al., 2019a), we predicted and constructed the ceRNA

(lncRNA-miRNA-mRNA) interaction network of jejunum from chicken
exposed to NH3 using Miranda (http://www.microrna.org/microrna/)
and RNAhybrid software. According to the ceRNA hypothesis, we
searched for potential MREs on the lncRNA and mRNA sequences. We
predicted binding sequence sites in miRNAs, and overlapping of the
same miRNA binding site on both lncRNAs and mRNA represented
lncRNA-miRNA-mRNA interaction. Meanwhile, all mRNAs identified in
the lncRNA-miRNA-mRNA interaction network were subject to Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
(https://www.kegg.jp/) and Gene Ontology (GO) analysis (http://
www.geneontology.org/). We used these functional analyses to assess
the possible biological processes involved in target genes in ceRNA.

2.6. Cell culture, treatment, and transfection

We used chicken liver hepatocellular carcinoma (LMH) cells (pur-
chased from ATCC, USA) to perform our in vitro tests. LMH cells
(1 × 106 cells/mL) were cultured in 6-well plates (NUNC) in medium
(DMEM) with 10 % fetal bovine serum (FBS, Gibco) in a 37 °C humi-
dified atmosphere containing 5% CO2. To investigate the pro-apoptosis
effect of NH3 in vitro, LMH cells were stimulated for 24 h with 3 mM
and 6 mM NH4Cl, respectively. Meanwhile, based on test requirements,
we used chemically modified miR-205a mimic negative control (mimic-
NC), miR-205a inhibitor negative control (inhibitor-NC), miR-205a
mimic, inhibitor, lncRNA-107052630 siRNA (Guangzhou Ribo
Biotechnology Co., Ltd) and pcDNA3.1+-lncRNA-107052630 plasmid
(Shanghai Sangon Biotech Co., Ltd) to conduct cell transfection assay.
To study the role of miR-205a in the predicted crosstalk, LMH cells
were divided into three groups: NC group (cells were transfected with
mimic-NC and inhibitor-NC), Mimic group (cells were transfected with
inhibitor-NC and miR-205a mimic) and Inhibitor group (cells were
transfected with mimic-NC and miR-205a inhibitor). Similarly, to study
the cellular role of lncRNA, LMH cells were divided into three groups:
NC group (cells transfected with pcDNA3.1+ plasmid and siNC), ovLnc
group (cells were transfected with pcDNA3.1+ plasmid-lncRNA-
107052630 and siNC), and siLnc group (cells were transfected with
pcDNA3.1+ plasmid and si-lncRNA-107052630). The lncRNA-
107052630 sequence was supplied in Table 1. The following con-
centrations of reagent used in the transfection experiment using Lipo-
fectamine 2000 reagent (Invitrogen, USA) in Opti-MEM medium was
miR-205a-mimic: 100 nM, mimic-NC: 100 nM, inhibitor-NC: 100 nM,
miR-205a-inhibitor: 200 nM, and pcDNA3.1+-lncRNA plasmid-
107052630: 1 μg/mL. LncRNA-107052630 siRNA at 50 nM using the
Lipofectamine RNAi MAX Reagent (Invitrogen, USA) according to the
manufacturer's recommendation and our previous concentration vali-
dation. Meanwhile, to further verify the presence of ceRNA, LMH cells
were grouped for a double-transfection test. For double overexpression
transfection, compared with the positive control (LMH cells treated
with 50 μM PAC-1 for 24 h (Selleck, China)), cells were transfected with
miR-205a mimic or pcDNA3.1+ plasmid-lncRNA-107052630 + miR-
205a mimic, respectively. For double inhibition transfection, under
NH3 treatment, cells were transfected with miR-205a inhibitor or si-
lncRNA-107052630 + miR-205a inhibitor compared to the negative
control (cells treated with 50 μM z-VAD-fmk for 24 h (Selleck, China)).

2.7. Dual-luciferase reporter analysis

We first designed and constructed two tandem repeats of miR-205a
response elements from wild G0S2 3′UTR (WT) or mutant G0S2 3′UTR
(MUT). After annealing the oligonucleotides, the generated double-
stranded nucleotide sequences were inserted into the pMIR-REPORT
vector (Thermo Fisher) to product pMIR-G0S2 REPORT constructs
(pMIR-G0S2-WT and pMIR-G0S2-MUT). The empty pMIR-REPORT
vector was used as the negative control (pMIR-REPORT NC).
Subsequently, we co-transfected miR-205a mimic and pMIR-G0S2-WT
or MUT into LMH cells using Lipofectamine 2000 (Invitrogen),
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according to the manufacturer's instruction. Luciferase activity was
determined by the normalize result of Renilla luciferase activity relative
to Firefly luciferase (Renilla LUC/Firefly LUC) using Dual-Luciferase
Reporter Assay System (Promega).

Similar to the above steps, the preparation of luciferase construct of
lncRNA-107052630-miR-205a binding sites was obtained using the
sequence of lncRNA-107052630. The inserted sequence is presented in
Table 2.

2.8. Morphology observation and quantitative analysis of apoptosis

We performed acridine orange/ethidium bromide (AO/EB) dual
staining to observe cell apoptosis processes in LMH cells. In brief, after
NH4Cl treatment or transfection, cells (1 × 106 cells/mL) grown in 6-
well plates were digested by trypsin and stained with AO/EB for 5 min.
Nuclei of cells with intact membranes can be stained bright green by AO
staining, while EB staining can only make cells emit orange-red fluor-
escence when their membranes are damaged. The apoptosis fluores-
cence image was visualized by employing fluorescence microscopy
(Thermo Fisher Scientific, USA). Meanwhile, to quantitatively analyze

the cell apoptosis under different treatments, an Annexin V-FITC/PI cell
death detection kit was applied to regent-treated or transfected LMH
cells according to the manufacturer's recommendations, and live cells
were assessed by flow cytometry based on cells negative DAPI staining.
For detection of apoptosis, we incubated cells with 500 μL of binding
buff ;er containing 5 μL of PI and 5 μL of Annexin V-FITC for 30 min at
room temperature in the dark. After incubation, the proportion of live,
necrotic and apoptotic cells was identified by using flow cytometric
analysis. The methods for calculating the rate of apoptosis were pro-
vided by the FlowJo 10.0 software as previously described (Wang et al.,
2009; Li et al., 2020).

2.9. Real-time quantitative PCR analysis (qRT-PCR)

To identify the reliably of RNA sequencing results and prove the
existence of the ceRNA relationship, we selected the genes involved in
ceRNA network-regulated apoptosis for validation using qRT-PCR.
Total RNA and total miRNA from chicken jejunum exposed to NH3

(n = 3) and LMH cells after NH4Cl treatment or transfection (n = 3)
were extracted with Trizol Reagent (Invitrogen, Carlsbad, CA, USA)

Table 1
The sequence of lncRNA-107052630.

Sequence GTTCACTGCAGCGGAGTTGGACTAGGTGACCTTTAAAGGTCCCTTCCAACTCAAACGATTCTGTGATTCTA
TGATAACACAGAGTGAAGGTCATTTCGGTAGCCTCGGGTCAGGCACGTGGTGGGGTGAGCTGGAGGAGCTCCTGCC
CAGCTCTGCACGATGCTGCGAGCTGGTGAGGGGCTGAGCTGACCTCGCTTCTCCTGCTGCTCGGCTGACTTACCGC
TGCCCCGGGCCTTGCTAATGAAGGGCTTTAAGCAATTAAAAAAACAAGTAGCAGCACTGAGGTCCAGAGGGTGGAA
AATTGCTGGATTTGTCTCTGCTCTGTGAAATTTGCTCAGGAGCAGGATGCTGCAGTGAGGCTTTCTGTGTTGTGCCATGGAGA
GAGAAGGCAGTGCACTGTATCCCTCCCCAGTTTCCTGAACAATCAGGCAGTGATTTCTGTAACAACCCAGCATCTC
CAAACGCTAGTGGTACAGAGCCAGGTTGTTTTTGCTTTATGCAGGGAAGTGCATTTGAAATCTTGCAATTATATGC
ATGTTCAAATTGAACTCCTAGGCGTATGAGAAAACGGTGCTATTCTCCATTTCCCAGTAACTGATCAATGCTTTTTAACTCTC
TTGGAATTGTGAATTTTGCTGCGGATTAACTGCTGCTATGAGACGCGGGGATGGAGCTTATGAAATTGATTTTTGACAGGAGGAAGT
GGAAGGGTGAAACGCACATCTTCCTTTTCTAAAGTTGGATTGATCACGGCTGTTGTGAAGAACGGTAAGATGAAACAGGATGGTTTG
CAATCTGCAGGTTTCCAGCCAGAGTCTGGCAACCTTGATGAAGAGTTTTCTGATTATAGGAGCTTTCTGCAAAAAGTAAGGGAATAA
AAAGTAATTTATCACAGATTACTCTGCTACCATACCAGAAGTCTTTATATCAAATGAACAAATTGTACATACCCGCAGACAGTGGCAG
GAAAACACCAGAAGGCCTTGAAACCCCACAATGACTTCTGTGTAATATACGCAGTTACCAGAGACAGACAACATACGGCCTCTGTAG
AATCAGTTTTGCCATAAACTATACTCAAA
GAGAATTTTTGAACTGTATCAAATACGCAACCGTTACCCAATTTGTTTTTGTTCTGTTTTTAAAGAAAGCCTTTCAAAAAAAAAACAT
GCCTTCGTTAAACAGGAATTACTGAATCCCCACTCCTCGACTGCAGAAAACT
TGGCTGACAAGTCAATTCTGGATGAAAAGCTGACGAGCACCGAGAAATGCTAATGTGGGAAAAATTCTATTCATTCTTCCTCTGCTAT
AAGTCATCATCAGTGGCGCTGTTGAATGTTCATCTGTG
ATTTAAGAAGGGAGAGGAAGAAAGAGCCGAGTACCTTCCTGGCTGCACGTTAAGCTCTCTGGAAGGAAATAGACAGAGCTCACGTCC
CTGCATCCTTCAAGCAGGACATGAGGCTGTGAAGCACCCTTCTGGC
TGAAGGAACATCTTGCCCCTGCTTATCCTGGGCTGGAGCTGGGTGCAGCACTCTTGTTGCGGTGGTCTGTTGGCACACAGCATTATCT
GCCAGCAGTATGTGGCTCTCCCATCCCCAGGGAGGAAGGTCTTTACTCTTGCAGTGCCCCTGGTTGCCACTGAGATTTCA
GCTTCTGGCAGAGCTGAGCTGTAATGCACCCAACACGGTACGGTTTTCCTACGCAATCACCAGCAGTGTGGCGTGGAGTCCCTTTGGT
TGCACAAATGCTTTCCGTTGTGATGTACGCAGGTTGCA
GTATGCCAGCATTGCAGTTAAACAGTTCGGAAGTGCAGTTTCATTAGCAAATTGTGGGATTTCTTCTCCAGCATGAACTTCTTG
TCTCTGTCGTCTATGAAGAAAGCAACTTACAGAAATATTCCCATTGCTGAAAACGACACACCGAGGAAACGAATTCAAGAAGAAACA
CCAGCTTCATTGCCAGGA
TTGATTACAGGTCTATGCTATATGTTCTAGTGTCATATTAAATCCTGTATTAAAATTAAAGCATTGTTTTACA

Table 2
lncRNA- 107052630 and G0S2 wild type/mutant type sequences.

3′UTR Forward (5′-3′) Reverse (5′-3′)

G0S2-pMIR-REPORT-WT AGCTTCAGCGATGGTGGT
TCCAGTGAGGAGGATGAAGGTTTGGCTG
AATGTGGAGGCTGCGAAGAGCT

CTTCGCAGCCTCCACATTCAGCCAA
ACCTTCATCCTCCTCACTGG
AACCACCATCGCTGA

G0S2-pMIR-REPORT-MT AGCTTCAGCGATGGTGGTTCCAGTGAGGACGAC
GGATGTTTGGCTGAATGTGGAGGCTGCGAAGAGCT

CTTCGCAGCCTCCACATTCAGC
CAAACATCCGTCGTCCTCACTGG
AACCACCATCGCTGA

lncRNA-107052630-pMIR-REPORT-WT AGCTTGGTCAGGCACGTGGTGGGGTGAGCTGGA
GGAGCTCCTGCCCAGCTCTGCACGATGCTGAGCT

CAGCATCGTGCAGAGCTGGGCAGGAG
CTCCTCCAGCTCACCCC
ACCACGTGCCTGACCA

lncRNA-107052630-pMIR-REPORT-MT AGCTTGGTCAGGCACGTGGTGGGG
TGAGCCGGTAGAGCTCCTGCCCAGCTCTGCACGATGCTGAGCT

CAGCATCGTGCAGAGCTGGGCAGGA
GCTCTACCGGCTCACCCC
ACCACGTGCCTGACCA
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according the manufacturer's standards. First-strand cDNA was syn-
thesized using a BioRT Master HiSensi cDNA First Strand Synthesis kit
(Bioer Technology Co. Ltd., Hangzhou, China) or miRcute microRNA
First-Strand cDNA Synthesis Kit (Tiangen Biotech Co. Ltd., Beijing)
according to the manufacturer's instructions. Primers for the detection
of miR-205a, lnc-107052630, target gene G0S2 and mitochondrial
apoptosis signaling molecules (Bcl2, Bax, Cas9, Cas3, CytC) are pre-
sented in Table 3. U6 and β-actin were used as internal references. qRT-
PCR was performed using LightCycler® 480 II Detection System (Roche,
Switzerland). In the melting curve analysis, each PCR product showed
only one peak. Considering gene-specific efficiency, the relative abun-
dance of mRNA was computed via the 2−ΔΔCt method and normalized
to the mean expression.

2.10. Western blot analysis

LMH cells were seeded in 6-well plates (1 × 106 cells/mL) following
NH4Cl treatment or transfection. Then, jejunum tissue from NH3-ex-
posed chicken and cells were harvested, rinsed with 1 × PBS and lysed
in ice-cold RIPA lysis buffer containing 1 mM PMSF. Supernatants were
harvested by centrifugation at 4 °C and 12,000 × g. We used bicinch-
oninic acid assay to determine the concentration of protein. Total
protein was exacted by RIPA (Beyotime Biotechnology) supplemented
with 1% PMSF and subjected to 12 % SDS-polyacrylamide gel electro-
phoresis. After transferring the separated protein to nitrocellulose
membranes, we blocked the NC membranes in 5% skim milk powder for
2 h at 37 ℃. Then membranes were washed with TBST 3 times and
incubated with primary antibodies at 4℃ overnight. The antibodies
used in this study include G0S2 (1:1000 Abcam, Cambridge, UK),
Caspase3 (1:500, produced by our lab), cleaved Caspase3 (1:1000,
Wanlei, Shenyang, CN), Bcl2 (1:1000, Wanlei, Shenyang, CN), CytC
(1:1000, CST, Boston, US), and β-actin (1:5000, Abclonal, China),

followed by a HRP-conjugated goat anti-rabbit IgG secondary antibody
(1:5000, Santa Cruz, USA). Image J software (National Institutes of
Health) was used for densitometry. β-actin was used to verify equal
protein loading.

2.11. Immunofluorescence staining

We cultured LMH cells in 24-well plates for double-transfection tests
to complete the experiment of immunofluorescence. After 24-h trans-
fection, cells of each groups were fixed in paraformaldehyde (solution
4% in PBS) for 30 min and then rinsed with PBS 3 times (5 min each).
Next, the cells were permeabilized in 0.1 % Triton X-100 for 15 min and
blocked with 5% BSA for 1 h. After overnight incubation at 4 °C with
anti-G0S2 antibody (1:50, Abcam, Cambridge, UK), cells were treated
with Dylight 594-conjugated AffiniPure Goat Anti-rabbit IgG (1:500,
Bioworld, USA) and incubated at room temperature without light for
1 h. DAPI staining (Beyotime, China) was used to visualize cell nuclei.
The images of immunofluorescence were obtained by fluorescence
microscopy (Thermo Fisher Scientific, USA) and the area labeled with
anti-G0S2 displayed red. Positive areas in cells were measured using
ImageJ software (National Institutes of Health).

2.12. Statistic

Student's t−test was performed to assess the effect of jejunum dif-
ferentiation between the C group and the NH3 exposed group using
GraphPad Prism 5 (San Diego, CA, USA). Variance in different groups in
vitro test was assessed by using one−way ANOVA. Quantitative data
are presented as the mean ± SD. For in vivo tests, samples with star (*)
represent statistically significant differences (P < 0.05). For in vitro
tests, samples with different superscript letters represent statistically
significant differences (P < 0.05).

Fig. 1. Effect of NH3 exposure on apoptosis of chicken jejunum. TUNEL staining analysis of apoptosis in jejunum of chicken from C group and NH3 exposed group.
DAPI (blue): a cell nucleus marker. TUNEL (green): terminal dUTP nick-end labeling, a marker for apoptosis. Scale bars are 50 μm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

Table 3
Gene-special primers used in the real-time quantitative reverse transcription PCR.

Gene Forward Primer (5′→ 3′) Reverse Primer (5′→ 3′)

G0S2 GTTCTTCGGCGTGGTCATCGG GTTCTTCGGCGTGGTCATCGG
Bcl2 ATCGTCGCCTTCTTCGAGTT ATCCCATCCTCCGTTGTTCT
Bax TCCATTCAGGTTCTCTTGACC GCCAAACATCCAAACACAGA
Cas9 ATTCCTTTCCAGGCTCCATC CACTCACCTTGTCCCTCCAG
Cas3 CATCTGCATCCGTGCCTGA CTCTCGGCTGTGGTGGTGAA
CytC TGGACCTGAAGCGACCTCTGC CATCACATCTTCACGACGGTAGGC
LOC107052630 ACTCTTGTTGCGGTGGTCTGTTG CACACTGCTGGTGATTGCGTAGG
β-actin CCCATCTATGAGGGCTACGCT TCCTTGATGTCACGGACGATT
miR-205a TCCTTCATTCCACCGGAGTCTG
U6 CACGCAAATTCGTGAAGCGCCTTA
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3. Results

3.1. Histologic observation

The histological changes in jejunal cells from the C group and the
NH3 exposed group were observed using TUNEL staining. Apoptotic
cells can be stained green by specific fluorescent dyes in TUNEL assay.
As shown in Fig. 1, jejunal cells of control group exhibted normal living
conditions, only a few individual cells undergone apoptosis and were
stained green. However, after NH3 exposure, a large number of jejunal

cells showed green fluorescence, indicating NH3 exposure caused
apoptotic programmed death of cells in chicken jejunum.

3.2. RNA-sequencing and construction of ceRNA interaction network

The data output quality and the classification of mapped reads in
miRNA profiles of jejunum from NH3-exposed chicken was shown in
Table. S1, and similar information of lncRNA profiles was reported in
our previous study (Wang et al., 2019a). In total 46 differentially ex-
pressed lncRNAs (Fig. 2A) and 30 differentially expressed miRNAs

Fig. 2. A: Heat map with intuitive reflection of the 46 different expressed lncRNAs in the jejunum of chicken between C group and NH3 group.
represented that gene expression levels increased from left to right (FC > 1.5, FDR < 0.05). B: Heat map with intuitive reflection of the 30 different expressed
miRNAs in the jejunum of chicken between C group and NH3 group (FC > 1.5, FDR < 0.05). represented that gene expression levels increased from left to right. C:
LncRNA-miRNA-gene interaction network consists of 20 lncRNAs (triangular cones), 16 miRNAs (squares), and 74 mRNAs (circles). Red color means up-regulated
RNAs and green color means down-regulated RNAs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).

S. Wang, et al. Journal of Hazardous Materials 396 (2020) 122605

6



(Fig. 2B) were identified with FC > 1.5; FDR < 0.05 as cut off (Table.
S4, S5). Our previous study showed the dysregulated mRNA profile
between control and NH3-exposed broiler jejunum, and 677 differen-
tially expressed mRNAs were identified (Wang et al., 2019a). LncRNAs
and protein encoding RNAs (mRNAs) can competitively bind to the
common interaction site located at miRNAs and regulate the expression
of each other. Here, using Miranda and RNAhybrid software, we pre-
dicted and constructed a lncRNA-miRNA-mRNA crosstalk network
(ceRNA network) in jejunum form chickens under NH3 exposure. This
ceRNA network contains 539 pairs of lncRNA-miRNA-mRNA single
crosstalks, including 74 mRNAs, 16 miRNAs and 20 lncRNAs (Fig. 2C).

3.3. Discovery of lncRNA-107052630/miRNA-205a/G0S2 crosstalk in
vivo

RNA-seq revealed that 15 lncRNAs and 5 miRNAs were down-
regulated, and 31 lncRNAs and 25 miRNAs were upregulated in je-
junum of control and NH3-exposed broilers, respectively (Fig. 2A, B).
LncRNA-seq identified a lncRNA (lncRNA-107052630) that was sig-
nificantly upregulated to about 3.5 folds in the jejunum of NH3-ex-
posure group and the expression trend was confirmed by qRT-PCR
(Fig. 3A). The ceRNA prediction network showed that lncRNA-
107052630 and miR-205a exist functional element by bioinformatics
analysis. RNA-seq and qRT-PCR identified that miR-205a was sig-
nificantly decreased in the NH3-exposure group compared to the control
group (Fig. 3B). Meanwhile, the coding genes identified in the ceRNA
network were enriched using Pathway analysis and GO analysis (Table.
S6, 7). Notably, according to GO analysis, we found that the G0S2 gene
was enriched in the extrinsic apoptotic signaling pathway. G0S2 can
promote apoptosis by antagonizing the anti-apoptosis factor Bcl2 and is
also the predicted target gene of miR-205a. Here, mRNA and protein
levels displayed that G0S2 and mitochondrial apoptosis pathway genes
(Bax, CytC, Cas3, Cas9) were activated (P < 0.05), and Bcl2

expression was inhibited (Fig. 3C–F). Thus, we hypothesized that the
lncRNA-107052630/miRNA-205a/G0S2 axis may play an important
role in NH3-induced intestinal apoptosis.

3.4. Verification of lncRNA-107052630/miRNA-205a/G0S2 crosstalk

To prove our hypothesis, we used dual-luciferase reporter gene as-
says to validate that miR-205a directly interacts with lncRNA-
107052630 in vitro. Transfection of miR-205a mimics into LMH cells
modulated luciferase activity indicating that miR-205a interacted with
the binding site of wild type of lncRNA-107052630 transferred into
cells (P < 0.05). However, the miR-205a mimics could not decreased
the luciferase activity driven by the binding site of mutant type of
lncRNA-107052630 (Fig. 4A) (P < 0.05). In addition, dual-luciferase
reporter gene assay result also showed that miR-205a can directly in-
teract with G0S2 (Fig. 4B). Subsequently, we transfected pcDNA3.1+-
lncRNA-107052630 overexpression plasmid and si-lncRNA-107052630
into LMH cells, to generate the ovLnc group and siLnc group, respec-
tively. The expression of miR-205a decreased in response to lncRNA-
107052630 overexpression and increased in response to lncRNA-
107052630 knockdown (Fig. 4C) (P < 0.05). Changes of G0S2 ex-
pression were consistent with changes in expression of lncRNA-
107052630 (Fig. 4D, E). Additionally, overexpression of miR-205a si-
multaneously reduced the expression of lncRNA-107052630 and G0S2
(P < 0.05), and miR-205a knockdown could simultaneously induce
the expression of lncRNA-107052630 and G0S2 (Fig. 4F–H). These re-
sults indicated that lncRNA-107052630 indeed protected G0S2 ex-
pression by functioning as a molecular sponge for miR-205a that spe-
cifically inhibits G0S2 in the jejunum from chickens exposed to NH3.

3.5. Effect of lncRNA-107052630 and miR-205a on apoptosis in vitro

We further estimated the effect of lncRNA-107052630 on apoptosis

Fig. 3. Discovery of lncRNA-107052630/miRNA-205a/G0S2 crosstalk in jejunum after NH3 exposure. A: qRT-PCR of lncRNA-107052630 compared with RNA-seq in
jejunum exposed to NH3. B: qRT-PCR of miR-205a compared with RNA-seq in jejunum exposed to NH3. C: qRT-PCR of G0S2 compared with RNA-seq in jejunum
exposed to NH3. D: The protein expression of G0S2 detected by western blot. E and F were the results of mitochondrial apoptosis pathway genes expression at mRNA
and protein levels. Data are shown as the mean ± SD values. * shows the significant difference, p < 0.05 by student’s t-test.
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Fig. 4. Verification of lncRNA-107052630/miRNA-205a/G0S2 crosstalk. A: Correlation between lncRNA-107052630 and miR-205a in luciferase reporter gene assay
results. pMIR-lncRNA-107052630-WT plasmids was mutated in the miRNA target sites, and designated as pMIR-lncRNA-107052630-MT. miR-205a mimic inhibits
lncRNA-107052630-WT expression but not mutant lncRNA-107052630-MT expression. B: Correlation between G0S2 and miR-205a in luciferase reporter gene assay
results. pMIR-G0S2-WT plasmids was mutated in the miRNA target sites, and designated as pMIR-G0S2-MT. miR-205a mimic inhibits G0S2-WT expression but not
mutant G0S2-MT expression. C: The expression of miR-205a in NC group (LMH cells transfected with pcDNA3.1+ plasmid and siNC), ovLnc group (cells were
transfected with plasmid of pcDNA3.1+-lncRNA-107052630 and siNC), and siLnc group (cells were transfected with plasmid of pcDNA3.1+ and Si-lncRNA-
107052630). D, E: The mRNA and protein expressions of G0S2 in NC, ovLnc, and siLnc group. F: The expression of lncRNA-107052630 in NC group (LMH cells were
transfected with mimic-NC and inhibitor-NC), Mimic group (cells were transfected with inhibitor-NC and miR-205a mimic), and Inhibitor group (cells were
transfected with mimic-NC and miR-205a inhibitor). G, H: The mRNA and protein expressions of G0S2 in NC, Mimic, and Inhibitor group. Data are shown as the
mean ± SD values. Bars that do not share the same letters are significantly different (p < 0.05) from each other.
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in vitro by performing flow cytometry on LMH cells. The apoptosis rates
in the NC, ovLnc and siLnc groups were 8.27 %, 12.7 % and 5.96 %,
respectively (Fig. 5A). AO/EB staining revealed more apoptotic cells
that appeared range with EB staining in the ovLnc group than in NC
(Fig. 5B), which indicated that lncRNA-107052630 increased the oc-
currence of apoptosis in LMH cells. Meanwhile, the results of RT-PCR
and western blot showed that lncRNA-107052630 overexpression in-
hibited Bcl2 expression, promoted the activation of Cas3 and ex-
acerbated the transition from Cas3 to apoptotic executor cleaved Cas3
compared with the NC group (Fig. 5C, D) (P < 0.05). Oppositely,
lncRNA-107052630 knockdown increased Bcl2 expression and atte-
nuated the generation of cleaved Cas3 (P < 0.05). The results showed
that lncRNA-107052630 can activate mitochondrial apoptotic pathway
in LMH cells.

To estimate the effect of miR-205a on apoptosis, we transfected
LMH cells with miRNA NC, miR-205a mimics and miR-205a inhibitor.
Flow cytometry analysis revealed that the apoptosis rates in NC, mimic
and inhibitor groups were 7.59 %, 4.76 % and 11.60 % (Fig. 5E). AO/
EB staining showed more apoptotic cells were stained with orange by
EB after miR-205a inhibitor transfection (Fig. 5F). Detection of ex-
pression changes of mitochondrial apoptotic pathway molecules con-
firmed that increased miR-205a levels obviously increased Bcl2 ex-
pression and inhibited the activation of Cas3 (P < 0.05), whereas

decreased miR-205a levels promoted the generation of cleaved Cas3
(Fig. 5G, H). These results showed that miR-205a can inhibit apoptosis
and mitochondrial apoptotic pathway activation in LMH cells.

3.6. Detection of the effect of NH4Cl on apoptosis in vitro

We simulated NH3 exposure by stimulating cultured LMH cells with
NH4Cl in an in vitro environment. Flow cytometric analysis showed that
with the increase of NH4Cl stimulation concentration, the percentage of
cell death also increased. Compared with the apoptotic rate in control
group, the apoptosis rate of the cells was increased by 41.21 % and
146.13 % under the stimulation of 3 mM and 6 mM NH4Cl, respectively
(Fig. 6A). AO/EB staining showed that NH4Cl caused more cells ap-
peared bright orange, indicating apoptosis occurrence (Fig. 6B).
Meanwhile, consistent with detection results of jejunum from chickens
under NH3 exposure, the expression levels of lncRNA-107052630 and
miR-205a were gradually increased and decreased by NH4Cl, respec-
tively (Fig. 6C). Quantitative analysis of mRNA and protein showed that
NH4Cl activated G0S2 regulated mitochondrial apoptosis pathway in
LMH cells (Fig.6D, E). These results indicated NH4Cl can induce
apoptosis, and lncRNA-107052630/miR-205a/G0S2 ceRNA crosstalk
may be universal in chicken tissues.

Fig. 5. miR-205a and lncRNA-107052630 were involved in apoptosis in vitro. A: Cell viabilities and apoptosis rate of LMH cells in NC, ovLnc, and siLnc group
detected by flow cytometry analysis. B: Detection results of AO/EB staining of LMH cells in NC, ovLnc, and siLnc group, normal cells (green), and apoptosis cells
(bright orange). Scale bars are 200 μm. C, D: The mRNA and protein expressions of G0S2 in LMH cells of NC, ovLnc, and siLnc group. E: Cell viabilities and apoptosis
rate of LMH cells in NC, Mimic, and Inhibitor group detected by flow cytometry analysis. F: Detection results of AO/EB staining of LMH cells in NC, Mimic, and
Inhibitor group. Scale bars are 200 μm. G, H: The mRNA and protein expressions of G0S2 of LMH cells in NC, Mimic, and Inhibitor group. Data are shown as the
mean ± SD values. Bars that do not share the same letters are significantly different (p < 0.05) from each other. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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3.7. lncRNA-107052630 modulates G0S2-induced apoptosis through
competitive binding of miR-205a

To further demonstrate that lncRNA-107052630 and miR-205a are
important factors involved in apoptosis mediated by G0S2 via combi-
nation intervention rather than independent effects, we performed co-
expression and co-knockdown experiments on these two non-coding
RNAs in LMH cells. Flow cytometry showed the apoptosis ratio of each
group, and immunofluorescence was used to analyze the expression of
G0S2. As shown in Fig. 7A–D, compared to the apoptosis ratio and G0S2
expression in the positive control group (PAC-1 group: cells were
treated with caspase activator (PAC-1), which can bypass G0S2 inter-
vention and directly initiate apoptosis by activating Cas3), the PAC-1 +
miR-205a mimic group exhibited reduced apoptosis rate and G0S2
fluorescence intensity, and this inhibitory effect can be offset by
transfection of a lncRNA-107052630-overexpression plasmid (P <
0.05). In addition, under NH4Cl stimulation, cells treated with Z-VAD-
fmk (a apoptosis inhibitor that diretly inhibits the caspase activity)
showed decreased apoptosis rate, while G0S2 expression was not af-
fected, and was still comparable to that of NH4Cl. Corresponding to the

above results, after transfection of miR-205a inhibitor, the inhibited
apoptosis rate was restored and the G0S2 fluorescence intensity was
further strengthened, while lncRNA-107052630 knockdown antag-
onized the effect of miR-205a inhibitor on apoptosis, and decreased the
expression of G0S2 again. The changes in Cas3 and cleaved Cas3 pro-
tein levels are shown in Fig. S1. These results clearly demonstrate that
lncRNA-107052630 as ceRNA for miR-205a regulates the expression of
G0S2 and then activates the mitochondrial apoptosis pathway (Fig. 7E).

4. Discussion

In air pollution, the emergence of excessive apoptosis in tissue has
been gradually considered to be one of the toxicological markers of
harmful gases (Tuzlak et al., 2016; Wang et al., 2019b). Additionally,
co-exposure of PM2.5, sulfur dioxide (SO2) and nitrogen dioxide (NO2)
caused neuronal apoptosis in the mouse cortex, thus repressing the ratio
of brain to body weight, deteriorating spatial learning and memory, and
resulting in abnormal neurobehavior (Ku et al., 2016). Although NH3 is
a gas pollutant mainly produced from agricultural production, it has
been underestimated in the secondary inorganic aerosols formation,

Fig. 6. LncRNA-107052630/miR-205a/G0S2 crosstalk exists in LMH cells stimulated with NH4Cl. LMH cells were treated with 3 mM NH4Cl and 6 mM NH4Cl for
24 h, respectively. A: Cell viabilities and apoptosis rate in LMH cells detected by flow cytometry analysis. B: Detection results of AO/EB staining in LMH cells, normal
cells (green), and apoptosis cells (bright orange). C: The expression of lnRNA-107052630 and miR-205a of LMH cells. D, E: The mRNA and protein expressions of
G0S2 and mitochondrial pathway related genes in LMH cells. Data are shown as the mean ± SD values. Bars that do not share the same letters are significantly
different (p < 0.05) from each other. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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which is the main component of PM2.5 concentrations in urban en-
vironment (Wu et al., 2016; Wang et al., 2017). Most previous studies
on NH3 have focused on the damage to the respiratory tract and im-
mune system while neglecting the effect and mechanism of NH3 on
digestive system (Wang et al., 2019c; Kathyayani et al., 2019). In this
study, we first confirmed that NH3 can cause apoptosis in broiler je-
junum cells based on morphological observation. Meanwhile, we
identified that a lncRNA-associated-ceRNA network (lncRNA-
107052630/miR-205a/G0S2 axis) was involved in NH3-induced

intestinal apoptosis via transcriptomics analysis and ceRNA networks
prediction.

Given the regulation to mRNAs and sensitivity to external stimula-
tion, non-coding RNAs have been widely regarded as biomarkers in
environmental health risk assessment (Wang and Tang, 2019; Duan
et al., 2017). Using transcriptomics analysis, the mechanism of different
biological processes can be studied according to the non-coding RNAs
that are abnormally expressed in organisms under environmental stress.
For example, by analyzing the blood of healthy steel factory workers

Fig. 7. lncRNA-107052630 modulates G0S2-induced apoptosis through competitive binding of miR-205a. Cell viabilities and apoptosis rate of LMH cells in PAC-1
group (50 μM PAC-1 added based on NC group), PAC-1 + Mimic group (PAC-1 + miR-205a mimic + plasmid of pcDNA3.1+), PAC-1 + Mimic + ovLnc group
(PAC-1 + miR-205a mimic + plasmid of pcDNA3.1+-lncRNA-107052630), NH4Cl group (6 mM NH4Cl + Inhibitor NC + siNC), NH4Cl group (6 mM
NH4Cl + Inhibitor-NC + siNC), NH4Cl + V-ZAD-fmk group (NH4Cl + V-ZAD-fmk + Inhibitor-NC + siNC), NH4Cl + V-ZAD-fmk + Inhibitor group (NH4Cl + V-
ZAD-fmk + miR-205a inhibitor + siNC), and NH4Cl + V-ZAD-fmk + Inhibitor + siLnc group (NH4Cl + V-ZAD-fmk + miR-205a inhibitor + silncRNA-107052630).
B: The G0S2 expression of cells observed through immunofluorescence staining, DAPI (blue): a cell nucleus marker. G0S2 (red). Scale bars are 200 μm. C: The
diagram of lncRNA-107052630/miR-205a/G0S2 ceRNA mechanism. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).
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through transcriptology, it was found that 17 miRNAs related with
adverse cardiovascular and metabolic effects could be significantly
changed by continuous exposure to particulate metallic components
(Pavanello et al., 2016). Moreover, lncRNA-sequencing results showed
that high concentrations of smoky coal combustion emissions were
associated with non-small cell lung cancer through overexpression of
lncRNA CAR intergenic 10 (Wei et al., 2016). In the present study,
miRNA-sequencing and lncRNA-sequencing analysis of chicken je-
junum from the NH3 group and C group were employed, and we
screened 30 different expressed miRNAs (25 upregulated miRNAs and 5
downregulated miRNAs) and 46 different expressed lncRNAs (31 up-
regulated lncRNAs and 15 downregulated lncRNAs), respectively,
which indicated that NH3 exposure could change the expression levels
of non-coding RNAs in jejunum and some of these abnormally ex-
pressed miRNAs and lncRNAs may be involved in the the NH3-induced
apoptosis.

Recent reports identify a new complex interactivity among diverse
RNA species, called ceRNA crosstalk (Yang et al., 2019; Li et al., 2017).
The ceRNA hypothesis believes that lncRNAs or cirRNAs in the body
can act as competitors of mRNAs, seize the binding site on the miRNAs
that target mRNAs, and thereby alter mRNA expression and translation
(Xu et al., 2015). The upregulated ceRNA can reduce the inhibitory
effect of miRNA on mRNA and increase the expression of mRNA by
competitively binding to the site sequence on miRNA (Le et al., 2017).
Many researches have confirmed the regulatory role of ceRNA on
apoptosis under conditions of external stimulation. LncRNA H19, which
acts as a ceRNA of miR-148b, promoted proliferation and suppressed
apoptosis by modifying the WNT/β-catenin signaling pathway in vas-
cular smooth muscle cells stimulated by ox-LDL (Zhang et al., 2018). In
the model of lipopolysaccharide-induced lung injury, lncRNA SNHG 16
was highly expressed, effectively binded to miR-146a-5p and restored
CCL 5 expression, thereby promoting the inflammatory response and
apoptosis (Zhou et al., 2019). However, only a several of studies proved
that the crucial role of the ceRNA theory in study of the injury me-
chanism of air pollution. For example, cirRNAs mediated ceRNA net-
work was involved in the response of chronic obstructive pulmonary
disease to cigarette extract by affecting some genes involved in pentose
phosphate pathway, ATP binding cassette transporters and cancer-re-
lated pathway via gene sequencing and analysis (Zeng et al., 2019).
Especially, our latest study identified lncRNA-107053293 as a key
regulator of necroptosis that acts on miR-148a-3p/FAF1 signaling and
serves as a predictor of respiratory tract exposed to NH3 (Wang et al.,
2019c). In this study, using bioinformatics analysis, we screened and
matched the sequences of differentially expressed lncRNAs, miRNAs
and previously obtained dysregulated mRNAs, and constructed a
ceRNA interaction network in the jejunum from chickens exposed to
NH3. Importantly, based on the functional analysis of target genes in
the ceRNA network, we surprisingly found the up-regulated lncRNA-
107052630 may function as ceRNA for miR-205a to control expression
abundance of G0S2, a novel gene located in mitochondria that antag-
onizes the anti-apoptotic effects of Bcl2 under inflammatory conditions,
thus inducing cell death (Welch et al., 2009). Additionally, it has been
reported that G0S2, as a transcriptional activator in response to renal
inflammation, aggravated the degree of apoptosis and chronic kidney
disease (Matsunaga et al., 2016). As one of the main types of apoptosis,
the mitochondrial apoptotic pathway is regulated by Bcl2 family pro-
teins that can change the permeability of mitochondrial membrane,
induce the release of CytC from mitochondria into the cytoplasm, and
ultimately activate the caspase cascade (Cas9 and Cas3) to mediate
apoptosis. Accordingly, we examined the expression of mitochondrial
apoptosis pathway related genes in jejunum. The results showed that
the pro-apoptotic genes (Bax, CytC, Cas9, and Cas3) were activated, and
the anti-apoptotic gene Bcl-2 was inhibited by NH3 exposure. These
fingdingswere consistent with the conclusion that exposure to moun-
taintop removal mining particulate matter (PM MTM) increased the
incidence of cardiovascular disease in the surrounding population by

disrupting mitochondrial function and activating Cas3 and Cas9
(Nichols et al., 2015). Wang’s research has chosen LMH cell line to
validate ceRNA targeting relationship in chicken trachea exposed to
NH3 (Wang et al., 2019c). Chen et al. proved the presence of FOS/IL8
signaling regulated by H2S in LMH cell in vitro (Chen et al., 2019b).
Here, we also used LMH cells to determine whether the ceRNA network
regulated apoptosis. Dual luciferase report analysis confirmed the ex-
istence of MREs in lncRNA-107052630/miR-205a/G0S2. Meanwhile,
consistent with the results from jejunum in NH3-exposed chicken, both
lncRNA-107052630 overexpression and miR-205a inhibition promoted
G0S2 expression, activated the mitochondrial apoptosis pathway and
aggravate the emergence of apoptosis. Contrarily, G0S2-meidated cell
death was relieved by lncRNA-107052630 inhibition and miR-205a
overexpression. Further co-expression experiments confirm once again
the existence of this ceRNA relationship. It was found that miR-205a
alleviated PAC-1-induced apoptosis, which can be restored by increase
of lncRNA-107052630. While under NH4Cl stimulation, the miR-205a
inhibitor promoted the rate of apoptosis inhibited by V-ZAD-FMK,
which can be decreased by lncRNA-107052630 inhibition. Therefore,
we have reasons to believe that lncRNA-107052630 and miR-205a are
interdependent in the process of apoptosis regulated by G0S2.

In conclusion, we found that NH3 exposure caused apoptotic-death
of jejunal cells in chicken. RNA sequencing and ceRNA network analysis
identified that in the differentially expressed non-coding RNAs under
NH3 exposure, lncRNA-107052630 functions as the ceRNA of miR-205a
to positively modulate jejunal cells and LMH cells apoptosis caused by
NH3. G0S2, a target gene driven by miR-205a, effectively activating
apoptosis by interacting with the key mitochondrial pathway gene Bcl2
and decreasing its expression. Due to the increasingly levels of NH3 in
air pollution, the results obtained in this study are valuable for un-
derstanding the intestinal toxicity of NH3, and provide a theoretical
basis and reference for studies on the role of non-coding RNAs in the
cellular response to air pollution.
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