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The function of alveolar type Il epithelial (ATIl) cells is severely hampered by oxygen
deficiency, and understanding the regulatory mechanisms controlling responses to
hypoxia may assist in relieving injury induced by hypoxia. In this study, we cultured
ATl cells from Tibetan pigs and Landrace pigs under hypoxic and normoxic
environments to screen for differentially expressed (DE) IncRNAs, DEmIiRNAs, and
construct their associated ceRNA regulatory networks in response to hypoxia.
Enrichment analysis revealed that target genes of DEINCRNAs of Tibetan pigs
and Landrace pig between the normoxic (TN, LN) and hypoxic (TL, LL) groups
significantly enriched in the proteoglycans in cancer, renal cell carcinoma, and
erbB signaling pathways, while the target genes of DEmIRNAs were significantly
enriched in the axon guidance, focal adhesion, and mitogen-activated protein
kinase (MAPK) signaling pathways. Hypoxia induction was shown to potentially
promote apoptosis by activating the focal adhesion/PI3K-Akt/glycolysis pathway. The
ssc-miR-20b/MSTRG.57127.1/ssc-miR-7-5p axis potentially played a vital role in
alleviating hypoxic injury by regulating ATl cell autophagy under normoxic and hypoxic
conditions. MSTRG.14861.4-miR-11971-z-CCDC12, the most affected axis, regulated
numerous RNAs and may thus regulate ATII cell growth in Tibetan pigs under hypoxic
conditions. The ACTA1/ssc-miR-30c-3p/MSTRG.23871.1 axis is key for limiting ATII cell
injury and improving dysfunction and fibrosis mediated by oxidative stress in Landrace
pigs. Our findings provide a deeper understanding of the INcCRNA/MIRNA/mRNA
regulatory mechanisms of Tibetan pigs under hypoxic conditions.
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INTRODUCTION

The breeding of Tibetan pigs by humans can be traced
back to the seventh century, and these animals adapted to
hypoxic and low-pressure environments due to long-term
natural selection on the Tibetan Plateau (1-3). Tibetan pigs
harbor a distinct fungal community (4) and immunomodulatory
function (5) and have developed organs that are adaptable
to hypoxia induced by high altitudes to facilitate oxygen
delivery under hypobaric hypoxic conditions. Alveolar type
II (ATII) cells produce, secrete, and recycle a variety of
pulmonary surfactant proteins and chemokines to recruit
macrophages, eliminate inflammatory processes, and decrease
surface tension as a protective barrier against possible infections
and provide efficient ventilation (6). Alveolar type II cell
apoptosis is induced by the alveolar lining layer; destructive
exudative changes occur, and lung edema occurs in the early
phase of hypoxia; conversely, reactive hyperplasia of ATII
cells is predominant in the later phase of alveolar hypoxia
(7). Increasing evidence suggests that alveolar epithelial cells
undergo apoptosis during pathological hypoxic lung injury
and fibrosis, which correlates with their reduced ability to
proliferate and restore the alveolar architecture (8-10). The
regulation of hypoxia-related genes enables cellular adaptation to
a hypoxic environment via increased glucose metabolism (11),
cell proliferation and migration (12), increased survival (13),
as well as by the promotion of angiogenesis (14). Advances in
sequencing technology have revealed mRNA expression levels
are regulated by miRNAs, IncRNAs, or circRNAs, and analysis
of these factors could provide comprehensive insight into the
complicated cellular biological process of hypoxia as a rapid
approach to reveal the regulatory network (15, 16). Existing
literature shows that IncRNAs and miRNAs participate in diverse
biological processes in mammals, such as development, growth,
immunity, and reproduction (17-19). IncRNAs often bind to the
proximal promoters of protein-coding genes to regulate protein
expression, and IncRNA FAF overexpression was shown to
significantly inhibit cardiomyocyte apoptosis induced by hypoxia
(20). Moreover, IncRNA BCRT1 is upregulated in response to
hypoxia and has potential as a biomarker and therapeutic target
for breast cancer (21). RMRP regulates hypoxia-induced injury
by modulating the p53 signaling pathway, which is a direct
target of miR-214-5p (22). In Tibetan pigs, mounting research
evidence has also shown that RNAs are abundantly expressed in
the lung tissue transcriptome in response to hypoxia (23), but
no integrated analyses of how their networks regulate ATII cells
have been performed. Thus, we compared the expression levels of
mRNAs, miRNAs, and IncRNAs in the ATII cells of Tibetan and
Landrace pigs under normoxic and hypoxic conditions. Then, we
constructed and preliminarily verified IncRNA/miRNA/mRNA

Abbreviations: DEIncRNAs, differentially expressed IncRNAs; DEmiRNAs,
differentially expressed miRNAs; DEmRNAS, differentially expressed mRNAs; TN,
ATII cells of Tibetan pigs were cultured under 21% O,; TL, ATII cells of Tibetan
pigs were cultured under 2% Os; LN, ATII cells of Landrace pigs were cultured
under 21% Oy; LL, ATII cells of Landrace pigs were cultured under 2% O,.

regulatory networks to identify the key factors involved in the
ATII cell response to hypoxia.

MATERIALS AND METHODS

Sample Collection

Alveolar type II cell samples from Tibetan pigs (TN, n = 4) and
Landrace pigs (LN, n = 4) were collected at 48 h after culture in
21% O3, 5% CO3, 79% N, and 37°C under normoxic conditions,
and control group samples from Tibetan pigs (TL, n = 4) and
Landrace pigs (LL, n = 4) were acquired at parallel time points
at 2% O3, 5% CO3, 98% N, and 37°C under hypoxic conditions.
Three of each group were flash-frozen in liquid nitrogen for RNA
extraction, and the rest were used for the flow cytometric assay.

Total RNA Isolation and lllumina

Sequencing

Total RNA was isolated from ATII cells using TRIzol reagent
kit (Invitrogen, Carlsbad, CA, USA), and RNA quality was
assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA). All samples had an RNA integrity
number (RIN) > 8. The enriched mRNAs and IncRNAs were
reverse transcribed into cDNA, purified with the QiaQuick PCR
extraction kit (Qiagen, Venlo, The Netherlands), end repaired,
subjected to poly(A) addition, and ligated to Illumina sequencing
adaptors. cDNA libraries were filtered and selected from the
digested products and sequenced on the Illumina HiSeq™ 4000
platform (or other platforms) by Gene Denovo Biotechnology
Co. (Guangzhou, China).

RNA molecules were enriched for miRNA sequencing
(miRNA-seq) by polyacrylamide gel electrophoresis (PAGE) at a
size range of 18-30 nt. A 3" adaptor was added to enrich the 36-44
nt RNAs, and the 5" adaptor was then connected to the RNA. The
ligation products were reverse transcribed by PCR amplification,
and the 140-160 bp PCR products were enriched to generate
a cDNA library and sequenced using Illumina HiSeq Xgten by
Gene Denovo Biotechnology Co. (Guangzhou, China).

Identification of DERNAs

The protocols for mRNA and IncRNA identification were as
follows: reads were filtered by fastp (24) (version 0.18.0) to
obtain clean reads and further mapped to the ribosomal RNA
(rRNA) database by the short read alignment tool Bowtie 2 (25).
The reads were removed from the rRNA and used to assemble
and analyze the transcriptome. Paired-end clean reads were
mapped to the Sus scrofa RefSeq using HISAT2 (26). Transcript
reconstruction was carried out with StringTie software (version
1.3.4) (https://ccb.jhu.edu/software/stringtie/index.shtml) (27)
and HISAT?2 (http://ccb.jhu.edu/software/hisat/index.shtml) (28)
to identify new genes and new splice variants of known genes.
The protein-coding potential of novel transcripts was assessed
using CNCI (29) and CPC (30), and their intersection was used
to identify long non-coding RNAs. The expression abundances
of mRNA and IncRNA were calculated according to fragment per
kilobase of transcript per million mapped reads (FPKM) values
using StringTie software. We used a false discovery rate (FDR) <
0.05 and absolute fold change >2 as the thresholds for identifying
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differentially expressed mRNAs (DEmRNAs) and differentially
expressed IncRNAs (DEIncRNAs) using DESeq2 (31).

Potential miRNAs were identified from raw reads, filtered
to generate clean reads and aligned with small RNAs in the
GenBank database. Clean reads were aligned with small RNAs in
the Rfam database (32) to identify and remove others, which were
also aligned with the reference genome (Sus scrofa) and searched
against the miRbase database (33) to identify known miRNAs.
The miRNA expression levels were calculated and normalized to
transcripts per million (TPM) values. We identified miRNAs with
fold changes >2 and P-values <0.05 as significant DEmiRNAs.

GO and KEGG Pathway Enrichment

Analyses

The database for annotation, visualization, and integrated
discovery (DAVID) was utilized to conduct Gene Ontology
(GO) functional annotation (http://www.geneontology.org/) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
(http://www.genome.jp/kegg/pathway.html) enrichment
analyses to determine the roles, functions, and enrichment of
different RNA biological pathways. GO terms and pathways with
a g-value < 0.05 were considered significantly enriched.

Integrated Analysis of IncRNAs, miRNAs,

and mRNAs

The DEIncRNAs, DEmiRNAs, and mRNAs were analyzed using
DESeq2 and miRanda. Target genes of IncRNAs were identified
by analyzing the correlation between the expression levels of
IncRNAs and protein-coding genes by RNAplex. Target genes
of miRNAs were predicted by RNAhybrid 89 (version 2.1.2) +
svm_light (version 6.01), miRanda (version 3.3a), and TargetScan
(version 7.0). Furthermore, a coexpression network diagram
of the IncRNAs, miRNAs, and mRNAs was generated by
assembling all coexpression competing triplets and visualized
using Cytoscape software (34).

Flow Cytometric Assay of Cell Apoptosis
Alveolar type II cells were collected and washed with PBS for the
quantitative analysis of cell apoptosis. Furthermore, annexin V-
FITC and 10 pl of PI staining solution were added to the cells,
which were resuspended in Annexin V-FITC binding buffer at
room temperature in the dark for 20 min. A BD FACSCanto II
flow cytometer (BD Biosciences, San Jose, CA, USA) was used to
analyze cell apoptosis, and the fractions of the cell populations in
different quadrants were analyzed using quadrant statistics.

Quantitative Real-Time-gPCR Analysis

To verify the RNA-seq results, first-strand cDNA was synthesized
from RNA samples returned by transcriptome sequencing using
a FastQuant cDNA first-strand synthesis kit (TianGen, China),
and cDNA was used as the template for gene expression analysis.
qPCR was performed on a LightCycler 96 Real-Time System
(Roche, Switzerland) using SYBR®) Premix Ex Taq™ II (TaKaRa,
China). Eight DEIncRNAs, four DEmiRNAs, and six DEmRNAs
were selected to determine the reliability of the data, and
the amplification primers are listed (Supplementary Table 1 of
Supplementary Material 1).

RESULTS

Overview of RNA Sequencing

Twelve ¢cDNA libraries were sequenced for IncRNA-seq and
mRNA-seq analysis of ATII cells (Supplementary Figure 1
of Supplementary Material 2). Averages of 100,489,128,
97,339,785, 64,417,965, and 44,846,728 raw reads were acquired
from the TN, TL, LN, and LL groups, respectively. The raw reads,
clean reads, clean bases, error rates, Q20 values, Q30 values, and
GC contents of each library are shown (Supplementary Table 2
of Supplementary Material 1). After quality filtering, an average
of 44,821,226 clean reads were mapped to the porcine reference
genome. IncRNAs were classified based on their genomic
location, and the 10,964 IncRNAs (9,280 known IncRNAs and
1,684 novel IncRNAs) consisted of 62.30% long intergenic
non-coding RNAs and 14.74% antisense IncRNAs but a minimal
of intronic IncRNAs (Figure 1A; Supplementary Table 3
of Supplementary Material 1). Another 12 libraries were
constructed for miRNA-seq analysis of ATII cells. A total of
9,947,404-13,467,206 raw reads were generated, and 9,847,843—
13,350,909 high-quality RNA sequences were obtained after
removing reads at a suitable level, which accounted for more
than 98.86% of the clean reads (Supplementary Table4 of
Supplementary Material 1).

A total of 325 DEIncRNAs (200 up- and 125 downregulated)
and 124 DEmiRNAs (78 up- and 46 downregulated) were
identified in the LN group compared to the LL group
(Figures 1B, 2A). Cluster analysis of DEIncRNAs was conducted,
and the results are shown as a heatmap (Figures1C,D).
Then, the most interesting candidates, including 80 DEIncRNAs
and 37 DEmiRNAs were identified and screened based on
the intersection between the normoxic (TN vs. TL) and
hypoxic (TL vs. LL) groups to assess the regulation of RNA
responses to hypoxia (Figures 1E, 2B). Eight IncRNAs, four
miRNAs, and six mRNAs were randomly selected and detected
using quantitative real-time (qRT)-PCR to validate the results
(Supplementary Figure 2 of Supplementary Material 2).

Prediction of DEIncRNA- and

DEmiRNA-Targeted mRNAs

In total, 1,716 (1,616 IncRNA and 1,054 mRNA) and 72
(43 IncRNA and 29 mRNA) IncRNA-mRNA pairs from total
IncRNAs and DEIncRNAs were obtained among the four groups
(Supplementary Materials 3). The 2,679 target mRNAs of 157
DEmiRNAs were analyzed between the TN and TL groups
(Supplementary Materials 4). Specifically, the target mRNAs of
DEIncRNAs and DEmiRNAs between the normoxic (TN vs.
TL) and hypoxic (TL vs. LL) groups were examined to further
investigate the potential IncRNA-mRNA and miRNA-mRNA
interactions in response to hypoxia induction and to establish
the potential roles of the IncRNAs and miRNAs in hypoxia
adaptation (Figure 2C).

Functional Annotation of Target mRNAs

To further investigate the potential functions of DEmiRNAs, we
performed GO enrichment and KEGG pathway analyses of their
target mRNAs among the four groups (Supplementary Figure 3
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FIGURE 1 | Categories and features of the IncRNAs in ATII cells of Tibetan pigs and Landrace pigs. (A) Categories and types of INcRNAs originating from different
genomic sites. (B) Venn diagram of INcRNAs interactions based on the overlapping DEINCRNAs. (C) Heatmap of INcRNAs in ATII cells between the TN and TL groups.
(D) Heatmap of IncRNAs in ATII cells between the LN and LL groups. (E) Common DEINCRNAs shared between the normoxic (TN and LN) and hypoxic (TL and LL)

of Supplementary Material 2). In this study, numerous target
mRNAs of DEIncRNAs (DEmiRNAs) were significantly enriched
for the intracellular part (intracellular), binding (binding),
and macromolecule metabolic process (localization) of cellular
component, molecular function, and biological process between
the normoxic (TN, LN) and hypoxic (TL, LL) groups, respectively
(Figures 3A,B). The target mRNAs of DEIncRNAs were enriched
in 62 and 61 GO categories; moreover, the target mRNAs of
DEmiRNAs were enriched in 135 and 130 categories between
the Tibetan pigs (excluding DEmiRNAs shared between the
normoxia and hypoxia groups) and Landrace pigs (excluding
DEmiRNAs shared between the normoxia and hypoxia groups)
at different oxygen concentrations (Figures 3C-F).

The comparison of normoxic (TN, LN) and hypoxic (TL,
LL) groups revealed that the target genes of DEIncRNAs were
significantly enriched in the proteoglycans in cancer, renal cell
carcinoma, and erbB signaling pathways, while the target genes
of DEmiRNAs were significantly enriched in the axon guidance,
focal adhesion, and MAPK signaling pathways (Figures 4A,B).
Interestingly, the cell cycle, FOXO signaling, and proteoglycans
in cancer pathways were significantly enriched among the target
mRNAs of the DEIncRNAs; however, the axon guidance, ras
signaling, and mTOR signaling pathways were significantly
enriched among the target mRNAs of the DEmiRNAs between
the TN and TL groups (excluding DEmiRNAs shared between

the normoxia and hypoxia groups) (Figures 4C,D). Numerous
target mRNAs of the DEIncRNAs were significantly enriched
in the oxidative phosphorylation, Alzheimer’s disease, and
thermogenesis pathways; the target mRNAs of the DEmiRNAs
were significantly enriched in the axon guidance, hepatocellular
carcinoma, and focal adhesion pathways between the LN and LL
groups (excluding DEmiRNAs shared between the normoxia and
hypoxia groups) (Figures 4E,F).

IncRNA-miRNA-mRNA Networks Profiles

Three-component (IncRNA/miRNA/mRNA) ceRNA regulatory
networks were constructed to identify the most effected RNAs
associated with hypoxic adaptation in the ATII cells of Tibetan
pigs using intersecting mRNAs of IncRNA-mRNA pairs and
miRNA-mRNA pairs (Figures 2C-E). Three networks were
constructed between (1) the normoxic (TN, LN) and hypoxic
(TL,LL) groups, (2) the TN and TL groups (excluding DEmRNAs
shared between the normoxia and hypoxia groups), and (3) the
LN and LL groups (excluding DEmRNAs shared between the
normoxia and hypoxia groups), and the top five gene pairs in each
network were revealed. The network between normoxic (TN, LN)
and hypoxic (TL, LL) groups contained fifteen IncRNA-miRNA
pairs and seven miRNA-mRNA pairs, including nine IncRNAs,
three miRNAs, and five mRNAs (Supplementary Materials 5).
The network between the TN and TL groups (excluding
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miRNA-MRNA pairs between the normoxic (TN and LN) and hypoxic (TL and LL) groups. (D) Venn diagram of mRNAs interactions from INncRNA-mRNA and
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TN-vs-TL

E

IncRNA-mRNA miRNA-mRNA

251 1091 863

\\;‘l’&’ — Pt
\\i -

Levei2 GO terms of TNvs-TL_DEINCRNA_RN

m I

Levei2 GO tems of -v5 LL_DEICRNA RNAS

i ’;,/ /«////f;//!f/ TN

W T m,wfff///
! L&
7/ {1 7,

/ // 7 =

=t

o G Compot s

between the LN and LL groups.

g e ot Gomperrt Vo o

Level2 GO tms of L L_DEMRNA RIAS

//Ji ;7!/!/

://// {//{ y{;{ ,«/27 .,,..,.iv/
///1‘

FIGURE 3 | GO functional annotation. Common target mRNAs of DEINcRNAs (A) and DEmIRNAs (B) between the normoxic (TN and LN) and hypoxic (TL and LL)
groups. Target mMRNAs of DEINcRNAs (C) and DEmiRNAs (D) between the TN and TL groups. Target mRNAs of DEINcRNAs (E) and DEmiRNA (F) of Landrace pigs

o T s oy

Frontiers in Veterinary Science | www.frontiersin.org 5

February 2022 | Volume 9 | Article 834566


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Yang et al.

LncRNA-Associated Network Under Hypoxia

A Top 20 of KEGG Enrichment B Top 20 of KEGG Enrichment c Top 20 of KEGG Enrichment
Proteoglycans in cancer- [ ] Axon guidance . Cell cycle °
Renal cell carcinoma: L Focal adhesion: L] FoxO signaling pathway- [ ]
ErbB signaling pathway- . MAPK signaling pathway- [ ] Proteoglycans in cancer- [ ]
Focal adhesion ] Gastric cancer . MicroRNAS in cancer- °
MicroRNAs in cancer- @ Hepatocellular carcinoma: . ErbB signaling pathway- L]
Cellular senescence ) Conetumber Ras signaling pathway- ° Homologous recombination{ . GeneNumber
Ubiquitin mediated proteolysis: ° °20 Phospholipase D signaling pathway' . Genehhurrber Axon guidance: ) .10
Apelin signaling pathway- L] ® 30 Proteoglycans in cancer L] ; ;‘;g 53 signaling pathway: . : ig
AGE-RAGE signaling pathway in diabetic complications . :;g Cushing syndrome . @300 - Autophagy - animal- ° @0
EGFR tyrosine kinase inhibitor resistance: . § Bacterial invasion of epithelial cells . g Focal adhesion ° @50
R MAPK signaling pathway ° qale £ Rapt signaling pathway ° 20005 B Renal cell carcinoma . o
g p53 signaling pathway . i o mTOR signaling pathway . 15005 RNA degradation . o078
] FoxO signaling pathway- ° 0010 ErbB signaling pathway- . 1.00-05 Propanoate metabolism 0,050
& Homologous recombination 0005 Pathways in cancer ® P Vascular smooth muscle contraction ° st
¢GMP - PKG signaling pathway- L] EGFR tyrosine kinase inhibitor resistance- . Cellular senescence | L]
Fluid shear stress and atherosclerosis- . Regulation of actin cytoskeleton { ° Renin secretion .
Axon guidance ° Adherens junction Hippo signaling pathway - multple species
RRNA degradation: . Pancreatic cancer- Cortisol synthesis and secretion- .
Insulin signaling pathway- . Signaling pathways regulating pluripotency of stem cells . Regulation of actin cytoskeleton{ °
Cortisol synthesis and secretion 0 Breast cancer 3 MAPK signaling pathway- [}
075 020 025 030 03 070 075 080 085 080 095 02 03 04
RichFactor RichFactor RichFactor
D Top 20 of KEGG Enrichment E Top 20 of KEGG Enrichment F Top 20 of KEGG Enrichment
Axon guidance: ® Oxidative phosphorylation | ° Axon guidance: -
Ras signaling pathway . PV o o ° Hepatocellular carcinoma .
mTOR signaling pathway . Pt ° Focal adhesion .
Gastric cancer . o e ° Pathways in cancer .
Metabolic pathways- [ ] Huntinglon disease ° Adherens junction:
Focal adhesion . et i ° S Wt signaling pathway . ltber
Proteoglycans in cancer . ® 250 Focal adhesion ° w201 Ras signaling pathway . ® 20
o ErbB signaling pathway . : 322 § B o3 ® Metabolic pathways: [ ] : 3‘;:
£ Cushing syndrome b @ 1000 ] Hepatocellular carcinoma ° : » > . iMieroRNAsIn canceri N @ 1000
5 Wit signaling pathway . & Nonealcoholic fatty lver disease (NAFLD) ° 2 Prospholpese D signaing patay .
Adherens junction . qualue Renal cell carcinoma " qualue ® Rap1 signaling pathway- . qualue
Rap1 signaling pathway . 1.5005 RNA transport ° 003 ¢ Autophagy - animal . 3005
Breast cancer- . 1.0e:05 Cell cycle ° e Gastric cancer D 2005
Phospholipase D signaling pathway . 5.00-06 Fluid shear stress and atherosclerosis | ° . Regulation of actin cytoskeleton| . 1e-05
Phosphatidylinositol signaling system . Proteoglycans in cancer ° Glutamatergic synapse { .
MAPK signaling pathway . Ubiquitin mediated proteolysis ° HTLV-l infection .
Regulation of actin cytoskeleton | . Signaling pathways regulating pluripotency of stem cells ° Cellular senescence .
MicroRNAs in cancer . Necroptosis | ° Phosphatidyiinositol signaling system .
Endocytosis | . Chronic myeloid leukemia o Human papillomavirus infection o
Endometrial cancer . Platinum drug resistance Proteoglycans in cancer .
. X . 1 1 2 X A . 1. 1.4
020; 1085 {050 {0.18] ‘10 L 015 o om o 020 {0.28), 900, 055 *1io0; 1,06
FIGURE 4 | KEGG pathway enrichment analysis. Common target mMRNAs of DEINcRNAs (A) and DEmiRNAs (B) between the normoxic (TN and LN) and hypoxic (TL
and LL) groups. Target mMRNAs of DEINcRNAs (C) and DEmiRNAs (D) between the TN and TL groups. Target mRNAs of DEINcRNAs (E) and DEmiIRNA (F) between
the LN and LL groups.

DEmRNAs shared between the normoxia and hypoxia groups)
indicate an association among 11 IncRNA nodes. Twenty-three
miRNA nodes, five mRNA nodes, and 58 edges, including ssc-
miR-129b, CCDCI12, and ssc-miR-129a-5p, were selected as the
most affected RNAs. Here, the network of Landrace pigs (LN vs.
LL) was composed of 38 IncRNA-miRNA pairs and 11 mRNA-
miRNA pairs, 8 IncRNA nodes, 11 miRNAs node, and 5 mRNAs
node, including ssc-miR-30c-3p, C1QC, and MSTRG.23871.1,
which were selected as the most affected RNAs (Figure 5).

Apoptosis of ATII Cells

Cell apoptosis was investigated by flow cytometric assays, and
our results showed that cell apoptosis was higher in the hypoxic
groups (TL, LL) than in the normoxic groups (TN, LN). Notably,
the rate of cell apoptosis in Tibetan pigs was lower than that
in Landrace pigs under the same conditions. The order of
total apoptosis rates among the four groups was as follows:
TN<LN<TL<LL (Figure 6).

DISCUSSION

Under hypoxic conditions, the development of domestic
mammals, including Tibetan pigs (35), yaks (36), and Tibetan
sheep (3), is severely hampered. The hearts (37), lungs (38), and
deciduous teeth (39) of Tibetan pigs adapted better than those
of any other pig; these pigs were originally found exclusively
on the Tibetan Plateau, which has an average altitude of

4,268 m above sea level (40). A total of 1,716 IncRNA-mRNA
pairs were obtained to analyze their associated key regulatory
pathways among the four groups (TL, LL, TN, LN), and
the result could help to elucidate the regulatory mechanisms
of ATII cells in Tibetan pigs in response to hypoxia and
provide a theoretical basis for formulating strategies to relieve
disease and injury during hypoxia (41). Simultaneously, it is
important to understand the responses of ATII cells to hypoxia
to reveal a series of adaptation activities in the lung. Hypoxia
induces pulmonary injury via cell apoptosis, which leads to
transdifferentiation of ATII cells; hence, the regeneration of ATII
cells is an important indicator of hypoxia damage (42). Here, we
generated comprehensive ceRNA network profiles, including the
IncRNAs, miRNAs, and mRNAs of ATII cells. The comparisons
between Tibetan pigs and Landrace pigs under normoxic and
hypoxic conditions revealed genes and pathways that possibly
undergo adaptive changes in response to hypoxia. Notably, the
ATII cells of Tibetan pigs and Landrace pigs showed some
genes with the same expression patterns and some with different
expression patterns, and the majority of DERNAs were involved
in network regulation.

Hypoxia Induction May Promote Apoptosis
by Activating of the Focal

Adhesion/PI3K-Akt/Glycolysis Pathway

Notably, the erbB signaling pathway, focal adhesion, and
cellular senescence were clearly associated with different oxygen
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concentrations in ATII cells and enriched for a number of
target mRNAs of DEIncRNAs between the normoxic and
hypoxic groups (Figure 7). Collagens that interact with integrins
are widely represented in focal adhesion pathways, and focal
adhesion kinases (FAKs) are focal adhesion complexes that play
a key role in cell-substrate adhesions (43). Various inflammatory
mediators and their receptors significant upregulate and affects
normal life activities via damage the cell function caused by low
oxygen levels (44, 45). In our analysis, we found COL2AI to
be the target gene of ssc-miR-7-5p, miR-9277-z, and miR-148-
z; the upregulation of this gene, along with COL6A3, COLIA2
(target genes of miR-409-y, ssc-miR-1285, and miR-11980-z),
and COL5A1 (target gene of ssc-miR-139-3p, miR-1307-x, and
miR-1197-y), indicated the enrichment of the focal adhesion
pathway; these genes may link the extracellular matrix (ECM)
and cytoskeleton in cells under hypoxia (46). Moreover, o and
p chains form integrins that mediate differential cell interactions
with specific ECM and cellular surface components, which are
linked to arginine-glycine-aspartate (RGD) amino acid motifs
as heterodimeric transmembrane adhesion receptors (47). Focal
adhesion kinases are activated by integrins and integrate integrin
signals by directly binding to signaling molecules, and FAK
phosphorylation is important for the maintenance of normal
cell adhesion (43, 48). We also identified ITGA5 (target gene
of miR-28-x, miR-411-y, ssc-miR-1285), ITGA6, and ITGAL
(target gene of ssc-miR-326, ssc-miR-1, ssc-miR-9860-5p) as

being significantly differentially expressed (DE) between the
normoxic and hypoxic groups, and these are downstream genes
related to the ECM, proteoglycans in cancer and focal adhesion
pathways. ITGA5 expression was significantly higher in the
TL group than in the TN group, but was not significantly
different in the LN and LL groups, indicating that it may
influence and regulate the apoptosis, differentiation, migration,
and proliferation of ATII cells in Tibetan pigs (49). In our
study, the differential expression of protein kinase B among the
four groups may have been mediated by ITGAS5, which is also
enriched in the PI3K-Akt signaling pathway and regulates a
wide range of cellular activities, including cell proliferation (50),
apoptosis (51), and metabolic progression (52). The antisense
IncRNA MSTRG.36013.14 was complementary to the target gene
AKT3, and its level was significantly higher in the TN and LL
groups than that in the TL and LN groups; this IncRNA may
regulate the phosphorylation of some vital downstream targets
as the central mediator of the PI3K/Akt signaling pathway.
Furthermore, the PI3K/Akt/mTOR (53) and VEGF/PI3K/Akt
(54) signaling pathways regulate the expression of HIF-la,
which is closely associated with the concentration of oxygen
in the environment and regulated by the PI3K/Akt signaling
pathways as a downstream protein (55). The antioxidant function
of enzymes could be activated following adaptive regulation
to remove accumulated ROS in animals exposed to hypoxia
as the main defense system (56). LDHA (the target genes of
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ssc-miR-429, ssc-miR-141, and miR-101-y) was expressed at a
higher level in the hypoxia (TL and LL) groups than in the
normoxia (TN and LN) groups and was significantly different
in the TN and TL groups; this gene could be regulated by
HIF-1a, and increased LDH expression may have promoted the
accumulation of lactic acid in anaerobic glycolysis under the
condition of hypoxia and further increased apoptosis, leading to
numerous lung diseases in the hypoxic groups (TL and LL) (43,
57, 58). In our enrichment analysis, we found that exposure to
hypoxia was mainly associated with the intracellular component
GO term, and P4HAI, which could be induced by HIF-lo
or hypoxia-independent factors, is a part of a gene expression
signature associated with hypoxia and glycolysis in ATII cells
(59, 60). PAHA1 and P4AHA2 were the prolyl hydroxylase subtypes
with significantly increased expression in cells under hypoxic
conditions (61-63), which is similar to the results of our study,
indicating that PAHA1 mediates hypoxia-induced invasion and
migration (64).

IncRNA-miRNA-mRNA Networks in ATII

Cells Under Hypoxic Conditions

In general, IncRNAs and miRNAs can maintain mRNA
stability and regulate gene silencing and transcription. Cellular
hypoxia responses involve the activation of complex signaling
pathways, many of which lead to transcriptional cascades that
are designed to alter cellular transcriptomes and proteomes
to optimally combat hypoxia-induced damage. Many genes
specifically increase related transcriptional activities and regulate
a series of metabolic activities in the body during long-
term adaptation to hypoxic environments. MiR-7-5p is a
fascinating miRNA that plays diverse roles in tumor suppression;
it inhibits the invasion abilities of tumor cells by directly
targeting PI3K/Akt, FAK, and KLF4 expression and may be
a useful therapeutic target for the diagnosis and treatment
of patients with glioblastoma (65-67). miR-20b inhibits the
expressions of autophagy-related proteins that are induced by
hypoxia/reoxygenation injury via ULK1 (68). The central genes
ssc-miR-7-5p, ssc-miR-20b, and novel-m0010-5p intersected at
MSTRG.57127.1, MSTRG.36107.1, and LANCL3 between the
hypoxia (TL and LL) and normoxia (TN and LN) groups, which
may indicate that the ssc-miR-20b/MSTRG.57127.1/ssc-miR-7-
5p axis plays a vital role in alleviating hypoxia-related injury
by inhibiting the proliferation of tumor cells or regulating ATII
cell autophagy (66). MSTRG.14861.4-miR-11971-z-CCDC12,
the most affected axis, regulated numerous RNAs between
the TN and TL groups, and thus may regulate ATII cell
growth under hypoxic conditions (69). MSTRG.23871.1, miR-
3178-z, and ssc-miR-30c-3p were identified as the most
influential genes and regulated multiple RNAs. The ACTA1/ssc-
miR-30c-3p/MSTRG.23871.1 axis is key for limiting ATII
cell injury and improving dysfunction and fibrosis mediated
by oxidative stress in Landrace pigs (70). The regulation
of the expression levels of these factors by ceRNAs may
improve the adaptation of Tibetan pigs vs. Landrace pigs to
hypoxic environments.

CONCLUSION

In the present study, the ceRNA network of IncRNAs,
miRNAs, and mRNAs from the ATII cells of Tibetan pigs
and Landrace pigs under hypoxic environments was analyzed
using whole-transcriptome techniques. Different regulatory
ceRNA networks indicated that the MSTRG.14861.4/miR-
11971-z/CCDCI12  axis efficiently promotes ATII cell
growth in Tibetan pigs under hypoxic conditions. In
addition, oxidative stress may induce cell injury, increased
dysfunction, and fibrosis in the ATII cells of Landrace
pigs, but this could be relieved by the ACTA1/ssc-miR-30c-
3p/MSTRG.23871.1 axis. These results may explain why
Tibetan pigs adapted better to the plateau environment than
Landrace pigs and will help to prevent hypoxia-induced injury
in other mammals.
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